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adequately reproduce the measured angular distributions for the

3.563-MeV level and fail to reproduce the observed anomalous excitation

function. The shape of the 3.563-MeV excitation function is similar to

that previously observed for ii inelastic scattering to the I+ , T-1,

15.11-MeV state of 12C. The same mechanism may be responsible for the

observed excitation functions of both AS-AT-I transitions. A possible

mechanism is the direct excitation of A particle-nucleon hole (4-h)

components in the final state wave functions. Within the A-h model

interpretation, the peak of the 3.563-MeV excitation function is repro-

duced with an estimated probability amplitude for the A-h component of

the 3.563-HeY state with respect to the ground state of

0.01 4 < 0.13, a range of values of 3 consiscenc with the range

estimated for the 15.11-MeV level of 12C (0.026 4 0 4 0.096).
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adequately reproduce the measured angular distributions for the

3.563-MeV level and fail to reproduce the observed anomalous excitation

function. The shape of the 3.563-MeV excitation function is similar to 0

that previously observed for i- inelastic scattering to the 1+ , T-1,

15.11-MeV state of 12C. The same mechanism may be responsible for the

observed excitation functions of both AS-AT-I transitions. A possible

mechanism is the direct excitation of A particle-nucleon hole (A-h)

components in the final state wave functions. Within the A-h model

interpretation, the peak of the 3.563-MeV excitation function is repro- p

duced with an estimated probability amplitude for the A-h component of

the 3.563-MeV state with respect to the ground state of

0.01 4 6 4 0.13, a range of values of 8 consistent with the range

estimated for the 15.11-MeV level of 12C (0.026 4 8 4 0.096).
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I. INTRODUCTION

Since the prediction of the pion by Yukawa [Yu-35] in 1935 and

its production in the University of California Radiation Laboratory by

Gardner and Lattes in 1948, there has been extensive theoretical and

experimental work with the pion as a probe of nuclear structure. Such

extensive work was possible and is continuing due to the construction and

subsequent operation of three meson production facilities: the Los

Alamos Meson Physics Facility (LAMPF) in the United States, the Swiss

Institute for Nuclear Research (SIN) in Switzerland, and the Trn-

University Meson Facility (TRIUMF) in Canada. LAMPF is the highest

intensity meson production facility. However, all three facilities were

constructed to produce high energy resolution secondary beams of pions

required in the study of closely spaced (4 I MeV separation) excited

levels of nuclei with sometimes extremely small pion-induced inelastic

scattering cross sections.

The pion is a pseudoscalar, JO-, isovector, T-1, meson and is

the lightest known strongly interacting particle (m. = 139.6 MeV). As a

field quantum of the nuclear force, the plon is responsible for the long-

range part of the hadronic potential. Many of the pion's properties make

it an extremely useful hadronic probe due to resulting theoretical

simplifications in the analysis of pion-nucleus scattering data, and the

ability to perform experiments with the pion which complement those using

other hadronic and electromagnetic probes or which cannot be done with

any other probe: (1) There are three charge states of the pion, w, i°,

1-' -

.?>
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and w-; thus, one can use the pion for elastic scattering, single-charge-

exchange (SCX) scattering, and double-charge-exchange (DCX) scattering.

The latter process can lead to nuclear levels with T, Tz values not

obtainable with a T-1/2 hadronic probe such as the proton. (2) The pion

possesses spin zero. As a boson, it can be absorbed by clusters of

nucleons in the nucleus, and pion absorption experiments may therefore

provide useful information about nucleon correlations within the nucleus.

Furthermore, the pion's zero spin results in a considerably simpler two-

body scattering amplitude for pion-nucleon reactions than for nucleon-

nucleon reactions. Also, along with the three charge states, the pion's

spinlessness allows an easier parameterization of the scattering

amplitude and fits to the experimental w+p+W+p, i-p ,-p, and ff-p *w°n

data. Thus, the most important pion-nucleon phase shifts have been

determined accurately over a large incident pion energy region

(T,(lab) 4 500 MeV). (3) The pion's light mass (-1/7 of the mass of a

nucleon) and its distinguishability from nucleons means that recoil

effects, projectile structure, and particle exchange between the

projectile and target are not as important to consider or do not need to

be considered in a theoretical treatment of pion-nucleus scattering as is

the case for other hadronic probes such as protons and alpha particles.

(4) Lastly, the total w+p and r-p cross sections (see Fig. 1-1) exhibit

many resonances resulting in strong energy- and charge-dependent cross

sections. The total cross section for p + p shown in Fig. I-1 shows no

resonant structure. At low to medium incident pion energies of

100 4 T i 4 300 MeV, the W p and -p cross sections are dominated by the

.' . . . . - . - . . . .. . . . . . . . . . . . . . . . .i . . . *- . -* - . '.
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6(1232) resonance (r 110-122 MeV) which occurs when the phase shift of -

the L-1, J-3/2, T-3/2 partial wave rises through 900 at TF = 195 MeV.

The A(1232) resonance is extremely important in pion-nucleus
p

scattering. The most prevalent theoretical description of pion-nucleus

inelastic scattering uses the distorted-wave impulse approximation

(DWIA), treating nuclear transitions in the Born approximation. Such a

description involves the basic pion-nucleon interaction; therefore, the

energy, spin, and isospin dependences of the pion-nucleus interaction

result from the energy, spin, and isospin dependences of the pion-nucleon

interaction, which is dominated by formation of the A(1232) resonance. P

Thus, to understand the utility of the pion as a probe of nuclear

structure, one needs to look at pion-nucleon scattering in the energy

region of the 6(1232) resonance.

The center-of-mass differential cross section for the elastic

scattering of two particles with spin s1 and s is [Ta-721

* L. -.

do/dac.m.(P',X'+P,X) " I<XIF('P"'P)IX>I
2 , Cl-i)

where p, p' are the initial and final relative momenta, x>, IX'> are the

general initial and final spin states of the two particle system -

(IX> - XCIv), and F(p*4+) is the scattering amplitude matrix consisting

of the [(2s1 + 1)(2s 2 + 1)12 individual scattering amplitudes f -&(V4 ).

I > labels the basis vector Im m2 > or Is,m> = mnim 2 ><ss 2 m1 m2 1sm>.

For the case of pion-nucleon scattering (s-O, s2-1/2), F(p' +) is a
i a d t as2

(2 x 2) matrix and its most general form which is compatible with

invariance under rotations and parity is [Ta-72] 1

..... ..... ..... ....* ..... ..... .....
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-~ p a(Epe)I + ib(Ep~e~A.O (1-2)

where e is the scattering angle, E p is the center-of-mass energy, I is

the unit (2 x 2) matrix, +0 denotes the Pauli spin matrices, and a is the

unit normal to the scattering plane (r, - X + 'I)). With this

form for F(p +p), the unpolarized center-of-mass differential cross

section for elastic pion-nucleon scattering is

do/dl p~; + IaCEPOO)1 2 + Ib(EP'9)12 
*(-3)

Both orbital and total angular momentum are conserved as well as

the total isospin in pion-nucleon scattering. One can thus expand

F(&+'4') in partial waves according to

F(p +) IQ ~Q(2t + 1) PIJc4T,2J(P)PX~cos6)(-)

where QT and Pt,j project onto states of definite total isospin T and

total angular momentum J, respectively, and the partial-wave amplitudes

*2T,2J are expressed in terms of the phase shifts according to

n2,J~)-ei6T2(~iI 8T,2J(P)I (1-5)

The total isospin is T-1/2 or 3/2 and the total angular momentum is

JtL+1/2 or 1-1/2. The projection operators are
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-1/3(1 Q3/ 14 /3(2 + -T4 ) ,(I-6a)

___ L jj+ I I-b

IJ-L-1/2 2L. + I t-+1/2 - 29. + I '(-b

with I the pion isospin operator and T the nucleon Pauli isospin

operator, Substituting these expressions into Eq. (1-4), keeping only

the L-0 (s wave) and 9.-I (p wave) terms (since these are the most

important partial-wave amplitudes in the energy range 0 C TV 345 MeV

(Ei-80]), and comparing to Eq. (1-2),

F(P+4P) (a0 + a I 4 )I + i(b0 + b I T)ai~a (I-7a)

with

a0- 0/( + 0c3 i + 1/ l + 2a3 + 2cil3 4a3 )cose ,(1-7b)

a -/3(-ao, +0 a') + 1/3(- + a - 2a + 2 (1-7c)1,1 3, 1c~, 03, 1 c1 3  2, 3)cose

13 (1,1 3,3 2a3 I)sinO (1-7d)

b /3(--Q1 + al + I al)sn (1-7e)
1,3 1,1 033 3,~1)n

aand bo are the isoscalar terms, a, and b, the isovector terms, and bo

and b1 the spin-flip terms.

As mentioned previously, for 100 4- TV 4 300 MeV, pion-nucleon

scattering is dominated by the 6(1232) resonance. Therefore, the largest

phase shift in this energy range is 613 With Eqs. (1-3) and (1-7) and

3,3
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using only the 9,3 partial-wave amplitude, the unpolarized center-of-

mass differential cross sections for w-p elastic and SCX scattering are

do/dO(W ++.w +p)- (4cos'e + sin-8)1a3,1' 12 -8a)

do/dQ(w-+p*w-+p) -119(4cos 2e + sin2e)l 1, 12 C-b

do/dO3Cir+p.1r0+n) -2/9(4cose 3 si2)z 3I . (1-8c)

Since the total cross section for wrp scattering below the threshold for

pion-nucleon inelastic scattering (T,, 2 173 MeV, but inelastic processes

are not important for T( 400 MeV) is the sum of the elastic and SCX

scattering, from Eq. (1-8)

ft(w P)/OT(wTP) -3 ,(1-9)

in agreement with the experimental total cross sections shown in Fig.

1-1. Also from Eq. (1-8),

+ P)C(-) 9(I1a)

Ca(W p)/a(SCX) -9/2 .(I-l0b)

Experimental pion-nucleon data taken at energies near the peak of the

A(1232) resonance confirm these ratios. Thus, assuming that only the

n3 3 (P33) partial-wave amplitude contributes to pion-nucleon scattering

(in the energy range 100 4 T 4300 MeV) introduces little error.

Consequently, using P 3 dominance and the impulse approximation, one can

obtain simple, transparent expreisions for pion-nucleus scattering.
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For example, keeping only the P33 partial-wave amplitude, Eq.

(1-7) is

F(&-) 1/3ai,3(2 + 1.T)[2cos8 + i. sin8] . (I-Il)

Siciliano and Walker [Si-81], following the approach of Gupta and Walker

(Gu-76] and using a single-step, impulse-approximation mechansim, showed

that the differential cross section for pion-nucleus inelastic scattering

retains the same basic energy, isospin, and spin dependence. For

unnatural-parity transitions (Aw-(-I)J+ l , where Aw is the parity change

and J is the total angular momentum transfer) the spin transfer is AS-I,

and such transitions must proceed through the i4. operator of Eq. (1-11).

As a result, the constant-momentum-transfer (q) excitation functions

should decrease with increasing incident plon energy according to sin 2e.

Such an energy dependence was first observed [Co-79] for unnatural-parity

transitions to the 4-, 19.25-MeV state and 2- structure at =18.4 MeV in

12C and later [Se-811 to the 9/2+ , 9.5-MeV state in 13C. Microscopic

DWIA calculations, using harmonic oscillator forms for the spin

transition densities, reproduce well both the excitation functions and

the shapes of the angular distributions for the 4- state of 12 C [Co-84]

and the 9/2+ state of 13C [Se-81a,Se-821.

Transitions to states of stretched configuration, (JpJh-) j s with

Jp - p + 1/2, Jh - Lh + 1/2, and Js Jp + Jh, are an important subclass

of unnatural-parity transitions. For these transitions only the

L J is - I (L is the orbital angular momentum transfer) spin transition

density is involved in the (e,e'), (p,p'), and (w,w') reactions [Mo-741.
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Using harmonic oscillator forms for the spin transition densities with

the size and strength parameters fixed from (e,e') and (p,p') data, Carr,

et al. (Ca-831 obtained good agreement between DWIA calculations and the

(w,w') data for the 4-, 17.79-, 18.98-, and 19.80-HeV states of 160 and

the 6-, T-0 and T-1 states at 11.58 and 14.36 MeV in 2 8Si.

The above examples illustrate that, in the energy range of the

A(1232) resonance, calculations using the DWIA and well-known transition

densities are adequate for describing the pion-induced excitation of

nuclear states that are strongly excited. However, for pion-induced

excitation of nuclear states which are weakly excited by a one-step,

impulse-approximation mechanism, nuclear medium effects and multistep

processes may be important and there may not even be qualitative

agreement between pion inelastic scattering data and DWIA calculations.

This is indeed the case for the T-I member of the weakly excited I+

doublet, 12.71 MeV (T-0) and 15.11 (T-I), of 12C [Mo-821. As can be seen

from Eq. (I-ll), the ratio of cross sections for AS-I transitions should

be a(AT-O)/G(AT-1) -4/1, provided that the form factors for the two

transitions are the same [Gu-76]. Furthermore, this ratio is

approximately correct in DWIA calculations which include all s- and p-

wave partial amplitudes. Cohen-Kurath p-shell wave functions [Co-651

describe the 12.71- and 15.11-MeV states as near analogs (i.e., the

space-spin pieces of the wave functions are approximately the same), and S

this description for the spin densities is supported by (e,e') data

(Co-84]. Nonetheless, although both the experimental excitation function

and the angular distributions for the 12.71-MeV state are well reproduced S

by DWIA calculations, the measured ratio of four times the averaged W+~

....
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and w- differential cross sections for the 15.11-MeV state to the

averaged w+ and % differential cross sections for the 12.71-MeV state

(see Fig. 1-2) deviates significantly from one, especially at energies

near 180 MeV (6(1232) dominance), and displays a rapidly varying energy

dependence. (Averaging the W+ and w- differential cross sections removes

the effect of isospin mixing between the two states on the ratio to

better than I [Mo-82].) Also, DWIA calculations do not agree with the

15.11-MeV angular distributions at energies near the A(1232) resonance

(Co-84].

Uncertainties in the spin transition density or the spin-

dependent piece of the effective pion-nucleus interaction do not seem to

be a plausible explanatton [Mo-82] for the anomalous excitation function I
for the AS-AT-I transition to the 15.11-MeV level of 12C. Rather, a more

likely explanation considers another process, in addition to a one-step,

impulse-approximation mechanism, contributing to the isovector
I

transition. A possible mechanism is the previously proposed [Mo-82]

direct excitation of A particle-nucleon hole (A-h) components in the

final state wave function. Thus, to further investigate pion-induced

excitation of nuclear states which are weakly excited, where the DWIA may

be inadequate and the direct excitation of A-h components may be an

important piece of the scattering amplitude, this dissertation is

concerned with the AS-AT-I transition from the 1+ , T-0, ground state of

6Li to the 0+ , T-1, 3.563-MeV level. As for the 15.11-MeY level of 12C,

the DWIA analysis of this unnatural-parity transition is particularly..*"

simple, involving only the spin-dependent piece of the effective pion-

nucleus interaction and the spin transition density.

S

. .
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Chapter II of this dissertation describes the experimental

facility used to acquire the data. Chapter III describes the extraction

of differential cross sections from the various (w+,N+') Q-value spectra.

Also in this chapter is the presentation of the data, which consist

of: (1) the first detailed measurement of a constant q, q 2109 MeV/c,

excitation function for w1+ inelastic scattering to the weakly excited

3.563-MeV state of 6 Ui at incident pion energies from 100 to 260 HeV, (2)

partial angular distributions at T. 120 and 180 MeV for w+ inelastic

scattering to the 3.563-Hey level, and (3) differential cross sections

for It elastic scattering and for wt inelastic scattering to the

2.185-Mey (3 ,T-0) and 4.25-MeV (2 ,T-0) states. A discussion of non-

relativistic multiple-scattering theory and its application to pion-

nucleus scattering is given in Chapter IV. Chapter V presents the DWIA

calculations performed for the three low-lying excited states of 6 Li and

includes discussion of the data and calculations. Appendix C is a copy

of the paper resulting from this dissertation experiment, which was

received by Physical Review C in August 1984.

*-1

.... . . . . .. . . . . .... '.- . . . . . . . . . . . . . . . .
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11. EXPERIMENTAL APPARATUS AND PROCEDURE

The data presented in this dissertation were collected using the

Energetic Pion Channel and Spectrometer (EPICS) system at the Clinton P.

Anderson Meson Physics Facility in Los Alamos, New Mexico (LAMPF). LAMPF

is described in various Los Alamos Scientific Laboratory Reports

[Li-72,Al-77,Li-77]. Briefly, LAMPF consists of an 800-MeV proton linear

accelerator, capable of accelerating simultaneously H+ ions and H7 ions

(or polarized H- ions), and several experimental areas for nuclear -

structure and chemistry studies. LAMPF was designed to produce a proton

beam with an average current of I mA at a duty factor of 6-12%. However,

during the experiment (June and November 1982) which provided the data

for this dissertation, the average current was 700-750 )iA at a 7.5Z

duty factor. The H+ beam enters Experimental Area A and impinges on the

first graphite target (the A-I target), producing pions (and other

secondary particles) which the EPICS channel accepts at an angle of 350

from the H+ beam direction. Experimental Area A is shown in Fig. I-1.

A. EPICS system

The EPICS system [Th-70] was designed to provide good energy

resolution and good angular resolution studies of pion-induced excitation

of nuclear levels, with cross sections as low as several nb/sr, from low

incident pion energies of - 70 MeV to energies above the 6(1232) reso-

nance, 300 MeV. EPICS consists of a high intensity, high resolution

13
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pion beam channel, a scattering chamber, and a high resolution spec-

trometer. A diagram of the EPICS channel, scattering chamber, and

spectrometer is shown in Fig. 11-2. Table II-I lists the specifications

of the EPICS system.

The EPICS channel, shown in Fig. 11-3, consists of four dipole

magnets (BMOI-BM04), three multipole focusing magnets (FMOI-FM03), and

four adjustable collimating jaws (FJOI-FJ04). The channel's length of

15.24 m was chosen in order to momentum select pions of maximum kinetic

energy of 300 MeV, but be short enough to maintain a reasonable flux of

70 MeV pions even after pion decay through the channel. The four bending

magnets provide charge and momentum selection and momentum dispersion of

the channel beam. (In such a dispersed beam, the momentum of a particle

is correlated with its position in the beam.) The optical mode is point P

to point to point to point in the vertical direction and point to

parallel to point to parallel in the horizontal direction. FMOI-FMO3

each have three windings, quadrupole, half-sextupole (top), and half-

sextupole (bottom), and are used for removing higher-order aberrations of

the channel optics. The four adjustable collimating jaws determine the

phase space and flux of the channel beam. FJOI has only vertical jaws .

(disabled), and along with a fixed collimator, defines the channel

acceptance. When FJO is operative, regulation of the channel beam

intensity and vertical divergence is accomplished with FJ0I. FJ02-FJO4

each have two pairs of jaws, one horizontal and one vertical. The

vertical jaws of FJ04 define the channel momentum acceptance and, hence,

the vertical size of the channel beam at the scattering target, while the

horizontal jaws define the horizontal divergence of the beam. With all

.... .. "- ---- -".. .. " °- -q ,- --.: ---- '- '-,' ,- ".-' -.a:-tL '.-' - - - , - .. '.- - - - .L, - _ - - - - - -
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TABLE II-1: EPICS system specifications.
a

- ..

CHANNEL SPECTROMETER

Solid angle 3.4 msr Solid angle u1O msr
Ap/p 2% Ap/p 14%
Beam size (horizontal) 8 cm Momentum range 100-750 MeV/c
Beam size (vertical) 20 cm Flight path u125 cm
Beam divergence (horizontal) <10 mrad Dispersion 4 cm/%
Beam divergence (vertical) 100 mrad
Energy range 70-300 KeY

L

aRef. [LA-801.

TABLE 11-2: EPICS channel beam pion flux and composition.

T Pion Fluxa Beam Contentb

T+ i- ir p e

(MeV) (x 107 N/s)

100 6.7 1.8 100 -35 15 50
200 22.0 4.7 100 -400 5 8
300 26.0 4.5 100 -650 2 2

bNormalized to a primary proton beam average current of 1 mA (LA-80].

The relative beam contaminant numbers are normalized to the pion numbers

[Bo-84J.
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jaws fully open, the channel beam at the scattering target has a vertical

dispersion of 10 cm/%, a momentum bite of ± 1%, and a divergence of 100

mrad. In the horizontal plane, the divergence is < 10 mrad. The resul-

tant beam spot is 20 cm (vertical) by 8 cm (horizontal) [LA-80], and the

channel beam pion flux and composition are presented in Table 11-2.

At the center of the scattering chamber, located at the focal

plane of the channel, is the target ladder containing up to four full-

size targets (22.9 cm x 15.2 cm). Different targets are selected by

moving the target ladder vertically. Also, the target ladder can be p

rotated relative to the channel beam. The normal procedure is to bisect .

the scattering angle, thus minimizing the path length traversed through

the target. Mimimum beam travel through the target minimizes straggling

which, in turn, helps to maximize the resolution. To balance acceptable .-

resolution against count rates, target areal densities for pion elastic

and inelastic scattering experiments range from 100 to 300 mg/cm2 .

The EPICS spectrometer (see Fig. 11-4) consists of a quadrupole

triplet (QMOI-QM03), two dipole magnets (BMO5-BM06), and front and rear

focal plane detector systems. The spectrometer rotates about its pivot,

situated at the focal plane of the channel, through an angular range of .

-I0 0 to 1200. The optical mode from the scattering target, through the

quadrupole triplet, to the front focal plane (located just before the two

dipole magnets) is point to point in the vertical direction and parallel S

to point in the horizontal direction. A magnification of -1 is provided

by the quadrupole triplet, forming an inverted image of the scattering

target in which x is proportional to x at the scattering target and y is

proportional to the scattering angle at the scattering target. The two

I "%

- ~ A *-. . . . . . . . . . . . . . .* -
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dipole magnets vertically disperse the beam, 4 cm/%, and the useful

momentum bite of the spectrometer is ± 6%. Their optical mode is point

to point in the vertical direction and point to parallel in the hori-

zontal direction. Fig. 11-5 illustrates the optics of the spectrometer

and the coordinate system used in defining particle trajectories. Also

shown are the front and rear focal plane detector systems. The front

focal plane detector system is a set of four multiwire proportional drift

chambers (FI-F4) with F4 located at the focal plane of the quadrupole

triplet. The rear focal plane detector system consists of four multiwire S

proportional drift chambers (R5-R6, R9-RIO), with R5 located at the rear

focal plane, a scintillator (S2), a slab of Lucite used to range out

protons, a scintillator (S3), and a muon rejector.

B. Detector system and beam monitoring

Since the spectrometer is not dispersion matched to the channel,

the detector systems at the front and rear focal planes must measure both

particle positions and angles in order to determine the incident

particles' momenta and the scattered particles' momenta. These two

quantities allow determination of the reaction kinematics. Thus, in

order to obtain good momentum resolution, the multiwire proportional

drift chambers must provide good position resolution. The multiwire pro- S

portional drift chambers used in the EPICS spectrometer (At-81,Mo-82a]

provide position resolutions of 125 um (FWHM) and may operate at count

rates up to 106 Hz. The set of four multiwire proportional drift

chambers (FI-F4) at the front focal plane are packaged in one chamber

. . . . . . . . * . . ..-. '~
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assembly. This chamber assembly consists of eight signal planes, two

orthogonal sets of four planes each in order to obtain vertical and hori-

zontal position (xy) and angle (8,*) information, with each signal plane

separated by grounded foil planes. Each set of four signal planes with

the signal wires in the same direction are arranged as two sets of two

signal planes. The two sets of signal planes are separated by 10 cm.

Within each set of two signal planes, the two signal planes are separated

by 1 cm and offset with respect to each other by one-half of a wire

spacing. The set of four multiwire proportional drift chambers (R5-R6, --I

R9-RIO) at the rear focal plane are packaged in two chamber assemblies,

each consisting of four signal planes, two orthogonal sets of two planes

each. Their construction is the same as the front chamber assembly. All

signal planes are of an alternating gradient design, with the anode wires

at positive high voltage (typically 2150 V) and a wire spacing of 8 mm,

and cathode wires at -200 V centered between the anode wires. The anode

wires are directly coupled into a fast (2.5 ns/cm) delay line, thus

giving two anode signals per signal plane, while alternate cathode wires

are bussed together, tbus giving two cathode signals per signal plane.

Presently, only the two anode signals per plane are used to calculate

positions and angles. Calculation of position is as follows. A time

difference and time sum from the two anode signals are formed. The time

difference is directly related to the position of the wire closest to the S

ionizing event, determining the position of an event to - 4 mm. Further

position resolution is obtained from the time sum, which is equal to

twice the drift time to the event wire plus a constant offset. However, 3

one must decide whether to add to or subtract from the drift distance the

. . -." ,."
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anode wire position. This left-right ambiguity can be solved with four

signal planes, hence, the need for eight signal planes at the two focal

planes, and is described in [At-81,Mo-82a,Iv-79]. Angles are determined p

from the spacing (10 cm) of the two sets of two signal planes which

comprise a set of four signal planes whose anode and cathode wires are in

the same direction in conjunction with the positions measured in each set

of two signal planes. Thus, the information provided by the multiwire

proportional drift chambers located at the front and rear focal planes of

the EPICS spectrometer consists of the eight quantities xf, yf, ef

(dxf/dz), Of (dyf/dz), xr, Yr' er, Or-

Two scintillators (S2, S3) were the only scintillators used as

part of the EPICS detector system during this experiment. They are

located just after the rear set of multiwire proportional drift chambers

and are separated by a slab of Lucite. Photomultiplier tubes are

optically connected to each end of the scintillators. The purpose of the

scintillators was twofold. They were used as part of the logic defining

a hardware trigger signal for events and for particle identification.

For particle identification, the signals from S2 and S3 are used to

measure a time of flight between S2 and S3 and pulse heights, which are

linearly proportional (Me-66] to the energy loss in the scintillators.

Since time of flight is proportional to E/pc2 and energy loss is propor-

tional to (ZeE/pc2 )2 [Me-66] (E is the total energy of the particle, p is B

the momentum, and Ze is the charge), these two measurements aid in

distinguishing particles of different masses and charges.

I



25

Following scintillators S2 and S3 is a series of scintillators

(S4-S9) separated by carbon wedges of varying thicknesses. (The wedge

shape is needed to account for the variation of momentum across the rear

focal plane.) This arrangement of six scintillators and six carbon wedges

is known as the muon rejector [Mo-84]. The muon rejector is designed to

eliminate the muon background from in-flight decay of pions before the

front set of multiwire proportional drift chambers and elastic scattering

of channel beam muons. The operation of the muon rejector is as follows.

Since muons and pions both have a single unit of charge, muons and pions

of the same momentum are transported to the rear focal plane. For the

same momentum, the total energy of a pion is greater than a muon and thus

the pion's range in matter is less than that of the muon

(-dE/dx £ (ZeE/pc2)2 ne, where ne is the electron density of the ranging

material [Ja-75]). Furthermore, pions also lose energy due to nuclear

collisions. The first carbon wedge is of the correct thickness to remove

pions of 100 MeV kinetic energy but not muons. The second carbon wedge I -

removes pions of 140 MeV kinetic energy but not muons, and so on. To

remove pions of intermediate energies, there is space between S3 and the

muon rejector to place varying thicknesses of aluminum. The signals from

the scintillator following the carbon wedge of the desired pion energy

are then used to veto muons (usually in the software). During this

experiment, the muon rejector rejected most of the muon background

(90-95%), while rejecting only 2-5% of the pions.

To obtain the normalization required in the calculation of pion

elastic and inelastic differential scattering cross sections, three beam

monitors are used. Several beam monitors provide cross checks on the

-. . - -. . .. . . . . . .
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. stability of each monitor. An ionization chamber (IC) located down-

stream of the scattering target monitors the EPICS channel beam current.

The primary beam current is monitored by an ionization chamber (BOT)

located within the pion production target cell and a charge integrating

toroidal coil (IACM02) located upstream of the pion production target.

Both the BOT and IACM02 signals are gated by a RUN gate so that the

primary beam current is monitored only during data acquisition. BOT and

IACM02 are reliable indirect measures of the EPICS channel beam current

provided the proton beam is always properly steered and strikes the A-I

target. For portions of this experiment, both BOT and IACM02 were used

for normalization, because ICI partially blocks the spectrometer entrance

for 8LAB < 250 and is not used, and BOT was not operational near the end

of the experiment. A careful check of the ratios ICI/BOT and LCI/1ACM02

(4 2% fluctuations) for 0AB ) 250 proved the reliability of BOT and

1ACM02.

C. Data acquisition and analysis system

The data acquisition and analysis system for EPICS consists of an

on-line PDP-II/45 computer which runs under DEC'S RSXII-D operating

system, several CAMAC crates containing CAMAC electronic modules, a

Microprogrammable Branch Driver (MBD) interfacing the PDP-I/45 and CAMAC

crates, computer peripherals (tape drive, two graphics terminals, disk

drive system, and a printer/plotter), and the LAMPF standard data

acquisition software package "Q" for managing the data acquisition and

display of the experimental data [Am-79]. The scintillator signals and

-.7 - .
d .' . . . .-. ."-.* ...- - . . . . . . . .
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chamber signals are passed via coaxial cables from the focal planes to

the counting house and fed into NIH modules, discriminators, Meantimers,

ADC's, and TDC's for the scintillator signals and discriminators and

TDC's for the chamber signals (see Fig. 11-6). The logical "and" of the

meantimed signals from S2 and S3 and at least two signals from both the

four x planes and four y planes of the front multiwire proportional drift

chambers define a trigger signal (trigger signal - (S2.S3).(FI or F2).(F3

or F4)). This signal along with a logical "and" of the not-busy signal

issued by the PDP-11/45 computer when it is ready to accept data
I

constitutes the hardware trigger (hardware trigger - (trigger

signal)•(not-busy signal)). The hardware trigger signal initiates the

reading of the data words (20-100) for that event. The "Q" software

[Ke-78] controls this reading, the writing of the data words for each

event to magnetic tape, and processing of the events if time is available

(MAY PROCESS mode of on-line data acquisition). Both the trigger signals

and the hardware trigger signals are scaled along with other quantities

such as S2.S3, (F1 or F2).(F3 or F4), ICL, BOT, IACM02, etc. The "Q"

software reads the scalers at fixed time intervals and stores all

quantities in a scaler file. The ratio of the number of hardware trigger

signals (EVENT.BUSY) to the number of trigger signals (EVENT) is a

measure of the computer's rate of data taking, the computer live time

(CLT = EVENTo U.Y/EVENT).

An important part of the EPICS electronics not shown in Fig.

11-6, but used during the experiment, is a fast clear circuit used to

eliminate the majority of the hardware trigger signals corresponding to

elastic scattering events [Se-81a]. The fast clear circuit aids in the

_______________~ tA C ,X- t



28

Sa

3S

aax

Ile

Fig. 11-6: Block diagram of the electronics for the EPICS data
acquisition system.
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measurement of small inelastic scattering cross sections relative to

elastic scattering. This circuit produces a signal which is used to veto

9 out of 10 or 99 out of 100 hardware trigger signals; thus, the data

words for only one of 10 or one of 100 elastic scattering events are read

into the computer, written to magnetic tape, and processed (if time is

available). The number of vetoed hardware trigger signals (FAST CLEAR)

are scaled.

Once the data words for an event are read into the computer, the

processing of the data is done on an event by event basis with the
S

standard analyzer task for EPICS data-taking (QEPX) in conjunction with a

test file (experiment-specific) and a display package (experiment-

specific). The goal of the data processing is to determine which events

are good pion events and calculate the excitation energy given to the

target nucleus by these pions. This goal is accomplished through the

main program of the analyzer (PROC06). PROC06 examines each event and

calls subroutines to calculate all chamber and scintillator quantities

from the outputs of the TDC's and ADCs, calculate trajectory infor-

mation, use the test file to test the various quantities, compute the

missing mass associated with each event, and arrange the data in bins for

storage in histograms determined by the display package.

The test file [Am-78] consists of the user-specified tests to be

performed on each event. The test file is structured into loops, and the .

loops are called separately and in order by the analyzer. Each loop may

contain two types of tests, microtests and macrotests. The microtests

are tests on the data words, and the macrotests are tests on loq'('al

combinations of previouq microtests or macrotests. Microtests can be a

I:!!?
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BIT test vhich is true if a specified bit is set in a specified data

word, a GATE (DIRECT or INDIRECT) test which is true if the specified

integerized data word is greater than a given lower limit and less than

or equal to a given upper limit, and a BOX test which is a combination of

two INDIRECT GATE tests. Macrotests are logical "and's", "inclusive

or" s", or "exclusive or's" on specified microtests or macrotests.

The display package (DSP) is used to construct and display both

one-dimensional histograms and two-dimensional dot plots. Histograms and

dot plots are defined by the data words to be histogramed or plotted, ...

lower and upper limits of display, a binning factor, and the tests

defined in the test file which the event must pass. Both histograms and

dot plots can be viewed on a graphics terminal during on-line data

acquisition. However, only histograms can be saved for later data

analysis. In addition to saving histograms, scaled quantities, the

results of the test file, and the relevant kinematic information for each

experimental run (period of data acquisition, - 155,000 taped events) are

saved for off-line data analysis.

D. Event analysis 0-

The following paragraphs describe in more detail the various .

steps in the data analysis, leading to a missing mass histogram of good -

pion events which can be used to calculate scattering cross sections.

Fig. 11-7 is a test file used during the experiment for this

dissertation. The first calculation for an event performed by the

analyzer is the particle identification test (PID) (see test #11 in Fig.

1%
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12-00-6 12as6tU gT 6 PFLE C tua39in .mTy

4 l991. a GOT.0.1U6. 12 6.. 1 SI tE4x s V.IUT
i991. a CRT.251. IhBN. 12M. j2 jS2 DEX ROVUCT iLOK JAW
4991. - GAT.252. t11.123. :3 jS3 DE/x PR T
743. a 31.2.0. :4 :S4 IJ'ON
34. - 31.2.1. :5 :S5
248. o 11.2.2. :6 :S6
179. - 01.2.3. :7 :$7
134. - 31.2.4. :1 :1
368. - 81.2.5. :9 :S9

6. - GAT.3.1.3211'. ;10 :FAST CLEAR (,,ll OR 1/18)
46456 . - lOX.1. ;11 :oX 1 **> PID
?33. - AND.2.3.4. :12 :OOD 6E/Dx
924. - IOR.6.7.8,. ; 13 jBIT TEST
348. - NI.11.5. :14 :PID CEREMKOV

46119. - AND. 11.-5. :IS :P1D*NOT(CENI1COV
49991. - IO0.1.-I. :16 :LOOPI COINTEN
45732. - GAT. 141.1S. 1014. :17 :IA DWF1MA iCHAl LOOP 2
45621. - GAT. 142.9996. 1148. :16 :2A D66PW
4573. - GAT. 143.9990. 18146. :19 ; 3A WF11
45969. - GAT. 144.9990. 16148. :21 :4A DRFT1A
45616. - GAT. 14.9990. 11 46, :21 :5A DRFTMA
45624. - GAT. 146.999. 16146. :22 :6A D11FTHA
44893. - GAT. 149.9990.10146. :23 :9A DRFTW
45669. - GAT. 150.9990.11140. :24 : 166 DRFTIM
45977. - GAT.281.9996. 10146. :25 ;IC DRFTWC
45969. - GAT.262.9990. 10146, :26 .2C DRFTC
45968. - GAT.203.9996.1 S1146. :27 :3C DRFT11C
45955. - GAT.24.9996. 16146. :23 :4C DRFTMC
46100. - GAT.265.9998. 16146. :29 :5C DRFTM'C
46173. - GAT,216.999 . 16146. :30 :6C DRFTMC
46674. - GAT.209.9990, 16146. :31 .9C DRFT1C
46179. - GAT.21.99996.114, :32 :1C DRFTIC

0. - GAT. 14?,9926.9932. :33 :7 CHECKSU (OAD)
S. - GAT. 148.994. 16112. :34 :6 CHECKSUM (QUAD)

42665. - GAT,2?2.991. 166 15. :35 :FRONT DRF DIF PLANE A
4334. - GAT.273.99"6. IN115. .36 :FRONT DRF DIF PLANE C
48349. - GAT.274.9996. 18615, :37 : REAR DRF DIF PLANE A
41739. - GAT,275.999 . 10015. :30 : REAR DRF DIF PLANE C
33550. - AND. l1,35;,36.3.38. :39 :DRF DIFF TST.PID --) DRF
4466S. - A1D.11.25.26.27,29. :46 :FRONT C CHAlERS OK1*D
446A6. - AND.11. 17. I. 19.26. :41 :FRONT A CHAtERS OKPI1D
45313. - AND. 11,29.3.31.32, :42 :REAR C CHIAIERS OK*1D
43751. - AND.11.21,22.23.24. :43 :REAR A CHAMBERS OKPID
43533. * AND.46.41. :44 :FRONT OK
4239?. - AND.42.43. :45 :REAR OK
4629 AND.44.45. :46 :ALL EXCEPT OUAD 'ID *.) CHWURS

e. - 10R.33.34. :47 :OUAD OK
6. * AND.46.4?. :49 :ALL OK

-.. * , ,o -, - - . 4 q .111 QI" !q (,4P*S.° FFcyr!FNCY TEST
46549. * AND. 17. 19.2.48.45. :56 :ALLIUT 2A
46536. * AND. 17.18.2.40.45. :51 :ALLBUT 3A
46543 * AND,. 17.11.19.46.45. :52 :ALLBUT 4A
46540. - AND.22,23.24.42.4. :53 :ALLBUT 5A
48525. - AND.21.23.24.42.44. .54 :ALLBUT 6A
41346. - AND21,22.24.42,4. :55 :ALLIUT 9A
4613. - AN.21.22.23.42.44, :56 :ALLUUT 19A
48529. - AND.26.27.2,41.45. :57 :ALLBUT IC
4652?. - AND.25.27,21.41.45. :56 :ALLSUT 2C
40561. - AND.25.26.23.41.45. :59 :ALLOUT 3C
40562. * AD,25,26,27,41.45. .66 :ALLIUT 4C
46519. - AD.30.31.32,43.44. :61 :ALLIUT SC
46463. - AND.29.31.32.43.44. :62 :ALLIUT 6C
46937. - AND.29.31.32.43.44, :63 :ALLBUT 9C
46456. - AND.29.361.31.43.44, :64 :ALLBUT ISC

Fig. 11-7: Sample test file.

...........................-......-.
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42597. - GAT.233.l54.1?S15. .65 :XTGT :ACOUND REJECTION LOOP 3
437M. - GAT.234.6M6. 11296. ;66 :THTTGT
4200. - GAT.235. 63. 184M. ;6? :YTGT
4426. - GAT.236.M. I66. 6 68 PHITGT
31596. - GaT.23.9166. 1i16. .69 :TTCK
35176. - GAT.236.9104. 16166. :7o :PIICHK
41191. - GAT.163.9M.6 114M. ?1 :FLRI CUT
41343. - GAT. 1".990.114M. :72 :FLR2 CUT
45268. - 6AT.221.9695.1674. :M3 :AFRONT PHASE SPACE CUTS
41476. - G6T.222.9137. I6S1. :?4 :THETA FRONT
36832. - GAT.223.964S. I6561. :75 :Y FRONT
43?71. - GAT.224.966. 10461. ?6 :PHI FRONT

S. - MOX.2. ?? :BOX 2
6. . BOX.3o :7 :BOX 3

117. - BOX.4. :?9 :AOX 4
6. - 16T.6. ;8e :GATE 6 -- > ELASTIC PEAK"
6. * IGT 1. .81 ;ROD I
9. - IGAT.2. :82 ;ROD 2 OR CTOF PIONS
6. - IG*T.3. :83 :ROD 3 OR CTOF I1JONS
B. - 1G6T.4. :84 :ROD 4
B. - I6T.5. :85 :ROD S

23119. - AND.39.46.?3,?4.?5.?S. :86 ;PHASE SPACE CUTS-FRONT
6. - AND.39,46.69.70.80, ;8? "ThETACHECK*PHICECK*DRFOGATE6
B. - AND.39.46.47. .88 ;GOOD CHNIRS. QUAD OK

40344. AND.71. 72. :89 :FLANGE CUTS
38438. - AND.39.46.65.66.6.68. :98 :TARGET TESTS*COOD CHIt $ M ) (TM' 5
25931. - AND.39°46.69.?O. :91 -THTCHK AND PHICHKIM0D CHI *-)(I G CHIK)
32166. - AND.39.46. :92 :DRF*CHKSU" *.> (GOOD CHI41S)
24766. - AND.9.91. :93 :TGTIMG CHK -) (GOOD EVENT)

0. - AND.S.92. :94 :ELASTIC. GOOD CHISS
6. * AND.8.93. .95 :ELASTIC. GOOD EVENT
S. * AMD.47.94. :96 :ELASTIC. GOOD EVENT. OUAD

11829. - GAT.236.9739o9913. :97 ;-1.8 DEG
18642. - GAT.236.9913. 168?. :9e : 8.8 DEG
9193. - GAT.236.16?.t126L. :99 : 1.8 DEG
6293. - 91.2.6. :186 :MUOM

S. * GATE.I.I.-I. 11el ;SPARE
0. - GATE. .1.-I. :182 :SPARE
S. • GAT.1..-1. :103 :SPARE

9. - GAT.1..-1. .184 :SPARE
8. * GATo11.-1 :165 ;SPARE

22677. - AD.93.-If. :106 :GOOD EVET.PION
23634. - AND.93.89, :187 ;GOOD EVENT.FLANGE
22026. * AND.93.-16.69. :188 ;GOOD EVENT.FLAMGE.P!O-*.>(PIOH EVENT)
2746. - AND.93,-1iO. :189 ;GOOD EVENT GARBAGE

S. - AMD.95.1o6. :110 AELASTIC.PION EVENT
22626. - AND.186.-I9. 111 :PION EVENT -1/10

S. AND. .186 16. :112 :PION EVENT 1/1
5886. * AND.111o97. :113 :PION EVEMT.-1/18.-IDEG
5628. - AND.111.9 . ;114 ;PION EVENT -I/S ODEG
4446. * AND.11.99. ;115 ;PION EVENT -1/18 +IDEG

8. * AND. 165.77, :116 :PION EVENT AND 80)2
S. - AND.18.S. :117 :PION EVENT AND 8O)C3

66. * AND. N.79. ;118 :PION EVENT AND "OX-
36541. - AND.39.46,19. :119 :GOOD CN1URS.FLSNGE
1659. - AND. 93. 166. :12e :I1.ON

6. * AND.1.1l. ;121 :SPARE
8. * AND.1.-1. :122 :SPARE
8. - AND. 1.-i. ;123 :SPARE
0. - AND..-l. :124 :SPARE
0. * AND.I.-I, .125 :SPARE
0. - AND,81.46 .126 :GATE FOR CH CAL

46459. - IOR. 1.-1. .127 :LOOP 4 COUNTER (WHOOPEE WERE DOE)

Fig. 11-7: (cont.)

I
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I

11-7). The PID box consists of two indirect gates, one on the mean

energy loss in scintillators S2 and S3, and one on the time of flight

between S2 and S3. The PID test eliminates protons but not muons. The
I

PID test constitutes the first loop of the test file.

If an event passes the PID test, the analyzer proceeds to

calculate the positions in the front and rear multiwire proportional

drift chambers from the time difference and time sum of the chamber

signals. At this point, a number of chamber tests are performed (second

loop of the test file). The tests consist of drift-time tests and drift-

difference tests. The drift-time tests are gates (100 ns) on the drift

times from the eight front and eight rear chamber planes (see test #s

17-32 in Fig. 11-7). The drift-time tests eliminate events which did not

produce signals in one or more chamber planes. The drift-difference 1.

tests are applied to groups of four chamber planes, the front x planes,

the front y planes, the rear x planes, and the rear y planes. These

tests compare the positions calculated for the four chamber planes to a

straight line trajectory. From this comparison, the drift-difference

tests eliminate events for which two particles passed through the

chambers simultaneously and pion events which created knock-on electrons

with the group of four chamber planes. At this stage, an event has

passed the PID test and chamber tests, and the analyzer has computed xf,

yf, ff, , xr, Yr' er' r"

The next step is the calculation of the quantities x tgt, Ytgt'

8 tgt ,  tgt , the incident momentum, the scattered momentum, and the

scattering angle. The quantities at the scattering target are calculated
I

using the measured positions and angles at the front chambers in

. . . . . . . . .. ................... ............ .............
• _ '-,_.' _ - ".. . _ _._ ' . .. . . . . . . . . . . . ..' , .. . ._ - . _ . L 'L " - -- "Lq -,-" L" " - -- - . __._.
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S

conjunction with the transport matrix of the spectrometer quadrupoles.

To first order

I

tgt -xf (It-I)

However, due to abberations in the quadrupole fields, within the analyzer I

xtgtP Ytgt' etgt' and *tgt are calculated as polynomials of up to fourth

order in the front chamber positions and angles [Bo-79]. From x one

can obtain the incident momentum.

Xtgt = Dc'6 c , (11-2)

where Dc is the dispersion of the channel (10 cm/%) and 6c is the percent .

difference between the incident momentum for the event (Pi(event)) and

the central momentum of the channel (P'P determined from the channel

magnetic field settings).

Pi(event) - Pc ("'"")6c= P (11-3) --,

c

The scattered momentum is determined, to first order, from the relation

xr  -xf + Dsp *6sp , (11-4) .

where Dsp is the dispersion of the spectrometer (4 cm/%) and 6,p is the

percent difference between the scattered momentum of the event

.. . .*.. '.-'_I.
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(Pf(event)) and the central momentum of the spectrometer (P.p, determined

from the spectrometer magnetic field settings).

I

p Pf(event) Pgp (11-5)

sp P

After calculating the above quantities, the analyzer calls

CALKIN, a subroutine to compute the missing mass of the event. Missing

mass is the difference between the mass of the recoil nucleus and the

mass of the nucleus before the collision (i.e., the excitation energy I

given to the nucleus). Thus,

Q = [(Ei(event) - Ef(event) + M)2 - p2j1/2 M M , (11-6)

where Q is the missing mass, M is the ground state mass of the target

nucleus, P is the recoil momentum of the target nucleus, and Ei(event)

(Ef(event)) is the total energy of the incident (outgoing) event.

The final step of the analyzer is background rejection tests and

passing the binned data to DSP for use in background rejection histograms
I

and missing mass histograms. Four of the background rejection tests are

gates on the calculated quantities Xtgt ' tgt' etgt and *tgt"

Histograms of these quantities aid in determining the lower and upper

limits of the gates. Other background rejection tests include gates on I

the calculated quantities 0check and and check are the

difference between the angles measured at the front chambers and the

angles calculated at the front focal plane from the information measured I-

%'...
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I

at the rear chambers. Once again, histograms of echeck and #check help

to set the gate limits. The echeck and check tests eliminate - 99% of

the muons resulting from the decay of pions after the front chambers. I
However, these tests will not eliminate muons due to pion decay before

the front chambers or elastically scattered channel beam muons. The muon '

rejector (muon rejection test #100 in Fig. 11-7) is used to eliminate
I

96% of these muons. The missing mass histograms consist of the good

pion events (test #108), the good events (test #93), and the one out of

10 or 100 fast cleared good pion events (test #112). The fast cleared

missing mass histogram is used to monitor the fast clear system in order

to prevent rejection of events from excited states.

-

... '..-

°



III. DATA REDUCTION AND RESULTS

A. Missing mass histograms and targets

Pion elastic and inelastic scattering cross sections are

calculated from the peak areas (counts) extracted from the missing mass

histograms of good pion events. These histograms contain only those

events which have passed test #108 of the test file (see Fig. 1I-7).

Thus, the good pion events have passed the particle identification tests,

the chamber tests, and the background rejection tests. Each missing mass

histogram contains good pion events for the full angular acceptance of

the spectrometer, spect - 1.5° , where 8spect is the scattering angle

for which the spectrometer has been set. Fig. IIt-I shows a missing mass

histogram for 6Li(W+,w+) using a 205 mg/cm2  20 cm x 10 cm sheet of

enriched lithium metal () 98% 6Li) for T1, 140 MeV and elab = 260.

Although the experimental resolution was not the best for the 205 mg/cm 2

target (240 keV full width at half maximum (FWHM)), the 0+ , T-1,

3.563-MeV level is clearly resolved from the broad 2+ , T=0, 4.25-MeV

level and the large background due to the continuum of final states in

the alpha-deuteron breakup of 6Li. Also clearly evident in the Q-value

spectrum is the 3+, T-0, 2.185-MeV level. There is no indication of the

2+ , T-1, 5.37-MeV or 1+ , T-0, 5.65-MeV levels. (The 5.65-MeV level has

never been observed in electron scattering [Be-82].) The discontinuity in

the Q-value spectrum between the ground state and 2.185-MeV state is an

artifact of the fast clear system used to veto 99 out of 100 events with

A-

37
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a Q value below - 1.2 MeV. The insert of Fig. III-I shows the same

missing mass histogram acquired without the use of the fast clear system

and for a shorter period of data acquisition.

Four separate targets consisting of sheets of enriched lithium

metal ( 98% 6 Li) fabricated by the Oak Ridge National Laboratory were

used during the experiment. Two of the targets, with dimensions of 22.9

cm x 15.2 cm and areal densities of 202 mg/cm2 and 100 mg/cm2 , were used

for approximately one-half of the total data acquisition and contained no

discernible contamination. The remaining two targets, with dimensions of

20 cm x 10 cm and areal densities of 205 mg/cm2 and 95 mg/cm2 , were L

contaminated by exposure to the air during shipping. (Further

contamination was prevented by handling the targets in a sealed glove bag
P

filled with argon. Also, when not in use, the targets were stored in an

evacuated canister.) Since lithium metal exposed to the air will form the

compounds lithium hydroxide (LiOH) and lithium nitride (Li13 ),psil

contaminants were oxygen, nitrogen, and hydrogen. The areal densities

for the 20 cm x 10 cm targets include corrections for these contaminants,

as described in Sec. IIt-B.

Full-size targets for the target ladder are 22.9 cm x 15.2 cm.

Two of the targets (20 cm x 10 cm) were not full-size targets and care

was taken to ensure proper normalization of the cross sections. The CH2

targets used for absolute normalization (see Sec. IIT-C) were of the same L

dimensions as the 6 Li targets, and both the 6 Li and CH2 targets were

mounted in the target ladder in the same configuration. Furthermore, due

to possible misalignment of the targets in the target ladder and the

vt
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co( target) (etarget is the angle between a perpendicular plane to the

beam and the plane of the target), 0 g was set to bisect the central

targetw

angle of the angular distributions acquired with the 20 cm x 10 cm

targets. For example, at T. = 120 MeV the thick and thin 20 cm x 10 cm

targets were used for 6lab " 210 to 420. Thus, etarget was set to 160

(bisects the central angle of 320) for each elab.  Such a procedure

eliminated possible errors which could result from differing target areas

intercepted by the beam as the target angle varied. Also, the central

angle of the angular distribution was chosen to minimize straggling for

the set of angles. For the two full-size targets, the target area was

much greater than the channel beam area and the above precautions were

not needed.

B. Extraction of peak areas

Peak areas for the elastic peak of 6L, the first three excited

states of 6 Li, and the elastic peaks of the contaminants were extracted

from the 6 Li( +,I+) Q-value spectra using a lineshape oriented fitting

program LOAF [Sm-78]. LOAF allows simultaneous fitting of a maximum of

ten peaks, each with a separate lineshape. The peaks can be fit as

"free" peaks (centroid of each peak is allowed to move independently) or

as "delta" peaks (centroids of a group of peaks are constrained to have

fixed separations but the position of the group of peaks may vary).

Lineshapes are taken from a user-specified peak in the spectrum to be

fitted. LOAF automatically determines the background as a polynomial of

order zero to ten (the polynomial order is specified by the user) from

. -. . .

.. . ..................... N,°.- , ,- ..- .
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the displayed region of the histogram, or the user may fix the background - .

by specifying a number of background points which LOAF then fits with a

spline curve. For a displayed region of a Q-value spectrum, LOAF
5

determines the best fit background and then subtracts this best fit back-

ground from the spectrum. The remaining spectrum is assumed to be peaks

and is fitted with the user-specified lineshapes, where only the area and

centroid of each peak are variable parameters. A disadvantage of this

peak fitting procedure is that uncertainties for peak areas extracted

from peaks strongly correlated with the background may be underestimated.
I

Due to the relative ease of use and constant user interaction with the

program LOAF, LOAF was used for the extraction of all peak areas, even

though the weakly excited 3.563-MeV state lies on top of a large

continuum background. However, to ensure that LOAF provided realistic

uncertainties for the peak areas, one spectrum at each incident pion

energy was fitted with another peak fitting routine [Bl-841. This

alternate fitting program optimizes the background polynomial and peak S

parameters simultaneously; thus, the peak area errors contain any

correlations between the background and peak parameters. Both fitting

programs returned consistent peak areas and errors.

Due to the differences in recoil energies of different nuclei,

contaminants in the 6 Li targets appear as separate peaks in the

6Li( +,w+ ') Q-value spectra. The centroids of these peaks allow

determination of the types of contaminants, whereas the areas determine

the quantity and thus the correct 6Li target areal density. As a result

of its light mass, the hydrogen contamination was easy to calculate. For

both the thick and thin 20 cm x 10 cm targets, the hydrogen peak was

-'1 "
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fitted for all spectra where it was clearly resolvable from the 6 U

inelastic peaks. These hydrogen peak areas were used in conjunction with
.3 -3-.

the w+ + p cross sections generated by the computer program CROSS

[Bu-n.d.] to calculate an average target areal density due to hydrogen.

The result was 4 1% (by areal density) hydrogen contamination for the

thick 20 cm x 10 cm target and = 5% for the thin 20 cm x 10 cm target.
S

The elastic peaks of 160 and 14 N were not separable within the elastic

impurity peak appearing at the low excitation energy side of the 6 Ui

elastic peak (see Fig. 111-1). However, since in some Q-value spectra
S

the 6.13- and 6.92-MeV states of 160 but no inelastic peaks of 1
4N were

observed, the heavy elastic impurity peak was assumed to be 160. With

this assumption, the extracted yields for the heavy impurity elastic peak

resulted in smooth 120- and 180-KeV angular distributions whose shapes

were in rough agreement with predicted w + 160 angular distributions.

As for hydrogen, the 160 elastic peak areas were used in conjunction with

theoretical w+ + 160 cross sections (tested against the data of [Ho-80])

to calculate an average target areal density due to oxygen. The 160

target areal density and the hydrogen target areal density resulted in

total impurities of 2.3% and 18% for the thick and thin 20 cm x 10 cm P

targets. Similar calculations assuming the heavy elastic impurity peak

to be all nitrogen resulted in the same amount of total impurities to

within -t 10%. In addition, a small amount of nitrogen contamination

would negligibly affect the 6 Li inelastic cross sections (4 1%) since all

the (w+,W+ ') cross sections of 1 4 N are a factor of 100 to 1000 less than

the elastic cross sections [Ge-831. As a further check on the

contaminant correction to the 6Li target areal density, the differential

. . .
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cross sections for the elastic scattering from 6 Li extracted from the

contaminated and uncontaminated targets u. the same incident pion energy

and scattering angle were compared and found to agree within 2Z. Fig.

111-2 shows the fits from the program LOAF for two spectra acquired at

Tff 120 MeV and 8 lab = 270, one with the contaminated thin 20 cm x 10 cm

target and the other with the thin 22.9 cm x 15.2 cm target. Due to the

large amount of contamination in the thin 20 cm x 10 cm target

(particularly, the broad hydrogen peak), this target was used only for

the elastic and 2.185-HeV states of 6Li at T- - 120 MeV and elab w 210,

270, 290, and 320, where the oxygen elastic was clearly resolved from the

6L elastic and the oxygen inelastics and hydrogen elastic appeared at

2.77 MeV and above in the Q-value spectra. No 7Li impurity was observed

in the spectra for any of the four targets.

To determine the areas for the elastic peak of 6U1 and the 3+

peak, the Q-value spectra acquired without the fast clear system were

fitted in the region between -1.5 MeV and 3.0 MeV with a first-order

polynomial background and two peaks constrained to be at 0.0 and 2.185

MeV [AJ-841 (see Fig. 111-2). Both the elastic and 3+ peaks were fitted

at each incident pion energy with their own lineshapes. To obtain areas

for the 0+ and 2+ peaks, the Q-value spectra acquired with the fast clear

system were fitted in the region between 1.4 MeV and 6.0 MeV with a

third-order polynomial background and three peaks constrained to be at

2.185 MeV, 3.563 MeV [AJ-841, and 4.25 MeV. The lineshapes used for the

2.185- and 3.563--MeV peaks were extracted from the 3+ in spectra acquired

without the use of the fast clear system. Lineshapes were determined at

each incident pion energy because the resolution varied with energy from

, ..'- .
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W

*MEMO

2.185g.s.

Excitation Energy (MeV)

Fig. 111-2: w +energy-loss spectra taken at T~ 120 MeV and e lab -270.

The top spectrum is from the contaminated I95 mg/cm3 , 20 cm x 10 cm
target. The bottom spectrum is from the 100 mg/cm2 , 22.9 cm x 15.2 cm
target. LOAF was used to fit the spectra.
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200 keY (220 keY) FWRt at TW  100 MeV to 260 keV (260 keV) FM at

Tf - 260 MeV for the thin (thick) targets. The lineshape used for the 2+

state was constructed by folding the instrumental lineshape taken from

the 3+ with a Lorentzian of 680 keV FWHM. Both the position and natural

width of the 2+ level, 4.25 - 0.02 MeV and 680 - 20 keV, were determined

from fits to several spectra where this state was predominant. Previous

determinations from other experiments are 4.27 - 0.04 MeV and 690 ± 120

keV (6 Li(ee')) [Ei-691, 4.29 0.02 MeV and 850 ± 50 keV ( 9 Be(p,a))

(De-83], 4.30 ± 0.1 MeV and 480 ± 80 keV (9Be(p,a)) [De-831, and

4.3 ± 0.1 MeV and 600 ± 100 keV (7Li( 3 He,a)) (Sc-75]. Fig. 111-3 shows

the fits to several spectra taken at different incident pion energies and

scattering angles.

The consistency of the fits to the various Q-value spectra was

checked by extracting areas for 100 keV wide segments of background

(automatically determined by the program LOAF) centered about 3.563 and

4.25 MeV. Plots of the background yields for both the 3.563- and

4.25-MeV segments result in smooth and continuous angular distributions

at T. M 120 and 180 MeV (see Figs. 111-4 and 111-5). Also, the back-

ground yields versus incident pion energy are smooth and continually

increasing (see Figs. 111-6 and 111-7). Therefore, there is indication

that the extraction of the peak areas from the large continuum background

is consistent for different incident pion energies and scattering angles.

However, this background check does not eliminate the possibility of an

overall underestimation or overestimation of the background underneath

the 3.563- and 4.25-MeV peaks.

L
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(1) T71.=120 MeV, 8LAB 290I
(2) T.7r =180 MeV, eLB 0
(3) T,~.=260 MeV, eL =10

IMI

>

C4

0

(I)

28 3.3 4.256

Excitation Energy (MeV)

Fig. 111-3: ir energy-loss spectra and fits using the computer program
LOAF.
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S.. 180 MeV

~100 S.

120 MeV

3.563 MeV Background
(100 keV Wide Segmnents)

10
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Oci (deg)

Fig. 111-4: Angular distributions for 100 key wide segments of
background centered about 3.563 MeV.
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180 MeV

S100S.

120 MeV

4.25 MeV Background
(100 keV WIde Segments)

10 II

10 20 30 40 50
Oc. (deg)

Fig. 111-5: Angular distributions for 100 key wide segments of
background centered about 4.25 MeV.
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C. Cross section computation and errors

The differential scattering cross section in the center-of-mass

system is given by

dLa d'-dt G ,(1-1)

dfl FdtNdl

where ddt Is the number of pions scattered at am angle 8 into the solid

angle dO in the time interval dt, Fdt is the number of pions crossing a

-_.

unit area perpendicular to the channel beam in the time interval dt, N is

the number of independent scattering centers in the target which are

intercepted by the beam, and G is the Jacobian of the transformation from .

the laboratory to the center-of-mass system. dfldt is given by the

extracted peak area from a Q-value spectrum corrected for the -..-

inefficiences of the EPICS data acquisition system.

dfdt = (Peak Area).CF , (1I1-2a)

where

CLT DREFF CHEFF LE SF SACORR

CLT is the computer live time as discussed in Sec. 1i-C. DREFF is the

drift efficiency of the multiwire proportional drift chambers and

corrects for those events producing signals in all chamber planes but not

":."J':"-; :.".".".;-."." :".i" 4 ./ ,-;-.".'2.-'.' .F; " ". ."-" ".-." ..'2.". -". ... :.'..',.'.';', -. -. - "--'." "--', ,-'-'. -1"-' 2-
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P
passing the drift-difference tests. CHEFF is the chamber efficiency and

is the product of the sixteen individual chamber efficiencies, each given

byI

All Chambers OK
CHEFF= All Chambers but i OK (111-3)

iS

LE is the fraction of analyzed events. For on-line data acquisition in

the MAY PROCESS mode, LE < 1.0. However, all data tapes are replayed in

the MUST PROCESS mode so that LE - 1.0 provided there are no input/output
k

tape errors. SF corrects for the pions that decay after the scattering

target and before scintillator S3.

SF - exp(-t/'t") , (111-4a) .

where

y~m +

" Y- Lm (
I I I 

-
b
) ' "l

p11

T' = -r . (I11-4c)

p is the relativistic momentum of the pion, m. is the rest mass of the

pion, TW is the mean lifetime of the pion, y = I/(I-v2 /c2 ) /2 and L is I
the path length from the scattering target to S3 which is corrected to

first order in 6sp for varying path lengths, L - (12.28 - 0.035.6sp)

meters. SACORR is a correction factor for the variation of the

spectrometer's solid angle as a function of 6 This correction factor

....................................... -.... ......
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is determined by measuring the yield of a state (usually an elastic peak)

for -6% 4 6 C 62. 6 is varied by varying the spectrometer fieldsp sp

settings. For all of the experimental runs, the spectrometer quadrupole

and dipole magnetic fields were set to values such chat pions exciting

the 3.563-MeV level had the same 6sp , where 6sp was chosen to correspond

to the flat region of the spectrometer's solid angle variation versus 6sp

curve (acceptance curve). This procedure minimized solid angle

correction errors. Fdt is given by the relation

Monitor.cos(e
Fdt - target , (11-5)

where Monitor indicates the number of scaled ICI, BOT, or IACM02 pulses,

cos(etarget) corrects for the scattering target not being perpendicular

to the channel beam, a is the target area intercepted by the beam, and -

is a proportionality factor since the beam monitors are only relative

monitors of the pion current. Lastly,

N aond (III-6a)

with a the target area intercepted by the beam, d the target thickness,

and n the number of scattering centers per unit volume,

NoO
n a - * (III-6b)

A

"- " " I:

I-o
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Nis Avagadro's number, P ts the target density, and A Is the mass of

the target in grams/mole. Combining Eqs. (111-1 to 111-6),

do _G*(Peak Area) *NORM-A
d2' N0 areal densityet-dQ(1-)

where NORM -CF/ (Monitore-cos(eOtarget)) and the areal density is d-p.

Since neither C nor dQ are known, the normal procedure is to determine

the absolute magnitude of the differential scattering cross section by

measuring a known differential scattering cross section. Thus, for each

incident pion energy, spectra were accumulated for w1 + p scattering with

2H targets of the same dimensions as the 6Li targets. Using the

Coulomb-corrected phase-shift predictions from the computer code CROSS

[Bu-n.d.I, which uses the phase shifts of Rowe, Salomon, and Landau

[Ro-78J, to determine da/dQ1H, from Eq. (111-7)

GH*(Peak Area) 1*NORM 1*A 14(1-)

N *(areal dniyC2d/SH _

where the 14/2 corrects for one mole of CH2 containing two grams of

hydrogen and twelve grams of carbon. Inserting Eq. (111-8) into Eq.

(1-7) yields the expression for the absolute differential scattering

cross section

(~)6Li 6Li (Peak Area)6Li COM6J
GH (TPeak Area)11 (NORM)11
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(areal densitY)cH2 x do 12 C 111-9(areal density)6Li ('7)H T •(I-)..

Eq. (111-9) reveals the possible sources of error in the

differential scattering cross sections. The error bars presented in the

figures and table are errors due only to the statistical and fitting

errors in the extracted peak areas estimated by the computer program

LOAF. Additional total uncertainties are estimated to be t 7% due to

uncertainties of t 3% in chamber efficiencies, t 3% in pion survival

fraction (from the path length corrections), t 2% in the spectrometer's

solid angle variation with momentum in the spectrometer (probably over-

estimated since the pion events of the elastic and inelastic peaks in the
6 Li Q-value spectra had 6 s corresponding to the flat region of the

sp

spectrometer-s acceptance curve), ± 3% in channel beam monitoring, and

+ 3% in the normalization to I elastic scattering from hydrogen.

Furthermore, the data for the 3.563- and 4.25-MeV states contain

systematic errors of t 15% and + 10%, respectively, due to the

uncertainty i. the fitting of the large continuum background and the

uncertainty in the position and width of the 2+ state. These systematic

errors were inferred from the fitting program LOAF by varying the order

of the polynomial fit to the background, and by varying the position and

width of the 2+ state from 4.23 to 4.27 MeV and 660 to 700 keV.

Al

-. o.

:_,", .'-'. ..". ... ,.. .. . -. '-2.. . .. '... ,-.':. .. "..-.,. ... " "-.-..-..... .. . . .,
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D. Data

The data are presented in Tables A-1 through A-4 in Appendix A

and in Figs. 111-8 through 111-15. For all figures, the results of S

multiple measurements at a given pion energy and scattering angle are

plotted as a single data point which is the weighted average of the

multiple measurements. The incident pion energies and scattering angles .

at which the data were acquired are the result of the main goal of the

experiment--the measurement of a detailed constant-q excitation function

for i+ inelastic scattering to the 3.563-MeV state of 6Li. The incident

pion energies range from 100 MeV to 260 MeV, thus covering the lower

energy region through the upper energy region of the 4(1232) resonance.

T 100 HeY is also the lowest pion energy normally used for most

experiments at EPICS due to the decreased incident pion flux, decreased

pion survival fraction in the spectrometer and experimental time

limitations. TW- 260 MeV is also not the highest usable pion energy,

but higher energies were not feasible for this experiment because of the

rapidly decreasing scattering cross section for the 3.563-MeV state at

TW 230 HeY. Except for T. M 120 and 180 MeV, there are data at only

one scattering angle for each incident pion energy. The scattering

angles correspond to a constant momentum transfer of q 109 HeY/c, with

an error in q of 4 7%. This momentum transfer was determined during on,

line data acquisition from the apparent maximum of the angular S

distribution at T - 120 MeV for w+ inelastic scattering to the 3.563-MeV

level. However, after subsequent off-line data analysis, the maximum of

the 120 MeV angular distribution occurs at 8lab 270 (the midpoint of

• *o, 1
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Fig. 111-8: Differential cross sections for wr + elastic scattering for6 i for T 120 and 180 1 0eV.
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the three highest data points in Fig. 111-14), yielding a q =101 !eV/c.

No corrections have been made to the data for the variations in q. Such

corrections result in small changes in the differential scattering cross

sections for the 3.563-MeV state, but not for the elastic and 2.185- and

4.25-MeV states (discussed below). T, a 120 and 180 MeV were chosen as

the incident pion energies for the partial angular distributions in order

to have angular distributions off and on the peak of the 4(1232) -

resonance.

Fig. 111-8 shows the differential cross sections for w+ elastic

scattering from 6Li at TR M 120 and 180 HeV. Fig. 111-9 shows

differential cross sections for 100 ( T 4 260 MeV and q 1 109 MeV/c.

The excitation function continually increases with increasing incident

pion energy, a characteristic feature for elastic scattering of a

strongly absorbed probe (Bl-661. The dip in the data curve at T- 180

1eV is partially a result of the momentum transfer being approximately 5Z

too high (q 2 114 MeV/c). Extrapolation to q =109 MeV/c moves the

T, 180 MeV data point from 80 mb/sr to 90 mb/sr.

The differential cross sections for ir+ inelastic scattering to
+ -MeV leeloat T,

the 3+ , T-0, 2.185-MeY level at T 1 120 and 180 HeV are shown in Fig.

III-10. Within the angular range measured, the angular distributions

have the shape expected for a strong transition in the Ip shell in which

the dominant transition amplitude is for J-2, L-2, S-0 (J is the total

angular momentum transfer, L is the orbital angular momentum transfer,

and S is the spin angular momentum transfer) [Le-801. Fig. I11-1i

presents the differential cross sections for 100 4 T. 4 260 HeV and

q 109 MeV/c. The excitation function continually increases with

Ii
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Fig. 111-10: Angular distributions for -R inelastic scattering to the
3 +~ T-0, 2.185-11eV state of 6Li for T, 120 and 180 MeV.
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increasing incident pion energy as expected for this natural-parity,

ASi,, transition (see Chap. 1).

Fig. 111-12 shows the differential cross sections for W+

inelastic scattering to the 2+, T-0, 4.25-Hey level at T. 120 and 180

Key. The shape of the angular distributions are the same as for the

inelastic transition to the 2.185-14eV state, consistent with the

predictions of Lee and Kurath [Le-80]. This is also consistent with the

electron scattering form factors for both natural-parity transitions to

the 2.185- and 4.25-14eV levels. The form factors have the same

dependences on the momentum transfer [Be-63]. Fig. 111-13 presents the

excitation function taken at q s109 14eV/c. As for the 2.185-14eV state,

the energy dependence is an Increasing function of the incident pion -

energy. The fluctuations in the data curve are partially the result of

I..

variations in q. For example, the T.,- 180 14eV data point corresponds to

q 113 14eV/c. Extrapolation to q 109 14eV/c moves the data point from

0.7 mb/sr to 0.6 mb/sr. Also, the f luctuations are not as great as they

appear in Fig. 111-13 when one accounts for the uncertainties discussed

in Sec. 111-C.

The differential cross sections for 1v inelastic scattering to

the 0+, T-1, 3.563-14eV state are presented in Figs. 111-14 and 111-15. 6

The 120-41eV angular distribution peaks at an angle (6 280) smallerc'm.

than the peaks (8c. ;o 450) of the 120-14eV angular distributions for the

2.185- and 4.25-eV states. Such a result is expected for this J-1, L-0,

S-0 transition Le-80. The excitation function increases from T. 100

to 190 2eV and then decreases. A direct comparison to the excitation

function for w inelastic scattering to the 15.11-4eV state of 12C or to

ReVTh shpe .. e.a.ulr dstrbuton are th sa .as for .h ..

-o -o
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Fig. 111-12: Angular distributions for w+ inelastic scattering to the
2+, T-0, 4.25-Hey state of 6 Ui for T. 120 and 180 Mey.
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Fig. 11t-15: Excitation function at a constant q 109 MeV/c for fr4.

inelastic scattering to the 0+, T-1, 3.563-44eV state of 6 Ui.
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sin2 O (see Chap. 1) is not meaningful because of distortion effects of

the- incident plan wave function. Further discussion of the excitation

function is given in Chap. V.

LL
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IV. THEORY

A proper understanding of pion-nucleus (wA) scattering data would

require theoretical methods incorporating relativistic scattering

techniques, since A interactions involve both the absorption and

production of pions. However, at present, there are almost no systematic

relativistic theories available. The best theoretical tool is the non-

relativistic multiple-scattering formalism develr,,ed by Watson and others

in the 1950's [Fr-53,Fr-56,Wa-57,Wa-58], along with corrections for

relativistic kinematics. The nonrelativistic multiple-scattering .

formalism leads quite clearly to the lowest-order result for the optical

potential for nA elastic scattering and the transition amplitude for A

inelastic scattering. (An optical potential is a potential involving the

projectile (pion) variables only and, when used in a one-particle

Schr~dinger equation for the projectile (Klein-Gordon equation for the

pion), yields the solution to the multiple-scattering problem for

projectile-nucleus (A) elastic scattering.) The lowest-order results for

the optical potential and transition amplitude involve the basic pion-

nucleon (N) T matrix and the nuclear ground state and transition

densities, respectively, and have been successful as lowest-order

approximations to the physics of A elastic and inelastic scattering in

the medium-energy range (100 4 T 300 4eV).

6

68".'
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A. Nonrelativistic multiple-scattering formalism

For a pion incident on a nucleus of A nucleons, the Hamiltonian

H o(rl*r29***9+A;r) + V~ 21 .. I rA;r) ,(LV-1a)

with

H0 - H (j,r2,~.A V - i~~).(IV-1b)

HN is the nuclear Hamiltonian for A nucleons including the nuclear recoil

(spin and isospin degrees of freedom are not shown explicitly), K. is the

kinetic energy operator for the pion, and viis the potential interaction

operator between the pion and the ith nucleon. The variables r1sesegrA

refer to the nucleon coordinates and r refers to the pion coordinate.

The Lippmann-Schwinger equation for the wA transition operator JT, is

T V +VG T- ~ + E ViGOT ,(IV-2a)

where

G - 0+ (IV-2b)
0 E HN -s + in

G is the free Green's operator of the Hamiltonian H and E is the

collision energy in the irA center-of-mass system,
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E (k2 + 2 1/2 + (k2 + M2)1/Z + Enucl
0 a + 0, (IV-3)

ko is the pion-nucleus relative momentum, M is the mass of the nucleus

(H = Am), a, is the pion mass, and Eonul is the nuclear ground state

energy (taken to be zero, see Eq. (IV-21)). T as defined in Eq. (IV-2)

is a many-body operator involving both nucleon coordinates and pion

coordinates. Since the free IN T matrix is well parameterized from

experimental data (see Chap. 1), the objective of multiple-scattering

theory is to express the wA T matrix in terms of the free wN T matrix.

This objective is accomplished by first rewriting Eq. (IV-2) in a form

which allows the exact summing of all the pion rescatterings from a given

nucleon within the nucleus [Ei-80]--

A
T "E Ti (IV-4a)

with Ti defined as

Ti vi + viGoT . (IV-4b)

Using Eq. (IV-4a) in Eq. (IV-4b),

A
Ti vi + viG T• (IV-5)

i-I-i

Subtract from both sides of Eq. (IV-5) the quantity viGoTi, thus

obtaining

.........................................................- • ............... . .. . .............
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(1 - ViGo)Ti - vj + viGOJEiTJ * (IV-6)

Ti.

Dividing both sides of Eq. (IV-6) by (I - viGo ) and defining

-=(B - viGo)-lv , (IV-7)

Eq. (IV-6) becomes

Ti T + TiGojEiTi . (IV-8)

Substituting this result into Eq. (IV-4a), the Lippman-Schwinger equation &

for the wA transition operator is

A A
T- Z T + E 'iGotT . (IV-9)

ili il j|i J.

Iterating Eq. (IV-9) yields the Watson series for the wA (more generally,

projectile-nucleus) transition operator--

A A A
T Z T + E TG Tj + riG E T G E Tk + .. . (tV-O)

ilI i= j i-i ji 0k~j

Eq. (IV-10) is a general result for any form of the Green's operator ,Go,

and can be applied to inelastic as well as to elastic scattering

processes. The physics of Eq. (IV-10) is clear after interpretation of

the T's. Multiplying by (1- viGo) and adding V1Go Ti to both sides of I

Eq. (IV-7) gives

T i Vi + viGo t . (V-I)""

t

%......-.- .
.. ... ....... .......

/ ° ','. ° o"" ° °. . " . .- o o .o~. , o.• 0. . . . . . . . . . . . . . . . . . . . . . . . .



72

Eq. (IV-Il) is the Lippmann-Schwinger equation for the scattering of a

pion from a nucleon which is in interaction with the other A-I nucleons

of the nucleus. r is a complicated many-body operator involving the

nuclear Hamiltonian H.. Returning to Eq. (IV-1O), one sees that wA I
scattering is expressed as an infinite series of rN scattering terms (in

the presence of other nucleons) for single, double, triple, etc.

scatterings, with successive scatterings on the same nucleon excluded to

avoid double counting.

To solve Eq. (IV-1O) for the wA T matrix, one must be able to

obtain an expression for the r's. This is a very difficult problem since

the T's involve the nuclear Hamiltonian HN. One can relate the Ti to the

free wN transition operator, ti,

tt  vi + Vigoti , (IV-12a)

where

1

gn 0+  (IV-12b)Wo-_KW - KN +ini

KN is the kinetic energy operator for the nucleon and w is a suitable

choice for the irN collision energy in the nA center-of-mass system. The

relation between Ti and tj is

Ti - ti + ti(G o - go)Ti . (IV-13) L

With this expression for T in Eq. (IV-10), the wA transition operator is

., . ... °.

::: ::: : :: :: :::::::::::::::::: ::.:..:: ..- ..- .--..-... ; ... :. _.. :..:. ... -.. :..:. . ..... .. .. .... ... .-. .. . .... ... ... .. ... ...... .. ... ,!:!.
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expressed in terms of the free wN transition operators plus nuclear

medium corrections. If the difference between Go and gois small, one

can approximate TL 2 ti (impulse approximation) and the Watson series for

the wA T matrix is greatly simplified, since the wA T matrix then

involves the experimentally well-determined wN phase shifts. The impulse

approximation is based on the assumption that the energy of the pion is

sufficiently high compared to the binding energy of a single nucleon, and

thus one may ignore the nuclear medium. However, the impulse approxi-

mation does not include ignoring the momentum of the bound nucleon. With

Ti tL, Eq. (IV-9) becomes

A A
T = tL + EtiG T (IV-14)L=I i=I ti L J --

Eq. (IV-14) is the starting point for deriving the lowest-order optical

potential for wA elastic scattering and also the transition amplitude for

wA inelastic scattering.

B. Elastic scattering L

Eq. (IV-14) restricts the summation of scattering terms such that

there are no successive scatterings on the same nucleon. If this

restriction is dropped (large nucleus approximation), then one extra term

is included, introducing an error of order I/A, which for large nuclei is

small [St-74]. With this approximation, Eq. (IV-14) is replaced by

A A
T =  t + EtGET . (IV-15)

iir L-i'oj J

__ __ _... .. . .. . . . - -

- '- " --' q " -- - -' -' ' -- '.#a- .- .. " . "> - . " *. '- . - -. .. . , .. ' ., ' " " '. " '• , ' . - -"- - - -
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Rewriting,

T - T + TGoT (IV-16a)

S

where

AT A ti (IV-16b)

For elastic scattering, in which the nucleus remains in its ground state,

one must take nuclear ground state matrix elements of the wA transition

operator. For this purpose, introduce

for the nuclear ground state and excited state wave functions,

- ....

respectively. The nuclear ground state matrix element of T is

<OITIO> - <oITIO> + <OITG0TIO>

<OITIO> + E:<olTle'>< GI><(eITO> • (IV-18)

Noticing that

<e1G 01C> E - E ucl_ KI + in /e-je> G(149)

Eq. (MV-18) can be written
S ..::

• 1

: -,'

:< -.-" :::: :::-.- ::-.- ....- :....::: .-: .:::-. ::-.. : .: . :: .-:- -:- .:.-. .--.: .-: - ..:.. : .-.:.: ..-.- ... .. :: 1:::
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(OITIO <OITIO + M(ITIc>G (E)<s TIO (EV-20)

In the second term of Eq. (IV-20), there are both diagonal, c-0, andj

nondiagonal, 0$O, matrix elements. The diagonal matrix elements should

be larger than the nondiagonal matrix elements due to the expected good

overlap of the nuclear ground state wave function with itself (especially

for small momentum transfers) [Ei-80]. The diagonal terms are usually

called the coherent terms since they correspond to the elastic case where

the pion wavelets from different nucleon scattering centers add

coherently. Exhibiting the coherent terms explicitly, Eq. (IV-20) is

<OITIO < OITIO> + (QITIO>E K in <01TIO +

[E <OITIC>G (C)<CITIO>I (1V-21) t

where the term in brackets is small and the arbitrary zero of energy has

been determined by letting the nuclear ground state energy vanish,L

E nucl -0. Taking only the coherent terms (the coherent approximation),
0

<OITIO> -<QiTIO> + (OITIQ>-E KR + in OjTI0> .(IV-22)
1%7

This equation can be rewritten as

<OIIO - + V0  - y+i<OITIO> ,(IV-23a)

<OITI> Vo OPE + I

_________ __ .::.~w.-:. .'.
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where 
.

V0  - (0OTj0> - <01 A (IV-23b)

Eq. (IV-23) is the desired Lippmann-Schwinge-r equation for wA elastic

scattering (compare to Eq. (IV-2)) with the nucleus represented by the

lowest-order optical potential, Vpwhich is a function of the pion

corint ~,ad nry+ny is complex, with the imaginary part

representing all inelastic processes allowed by conservation of energy

and by the selection rules for strong interactions.

Using the momentum representation of the one-particle Klein-

Gordon equation, one must calculate the matrix elements of V in theop

momentum space of the pion. Denoting initial and final pion momenta in

the A center-of -mass system as kadk (k, Ii i r o

necessarily equal) and letting Z>represent the pion state including its

isos pin,

+A
<i-Iv0  k> E <k-0Iti(w)1k0> .(lV-24)

Inserting

P p1  d P,

A

4.~f -2R 7. 4 . * .*.....P PA

f___ ___27____________1____ .d ..... *'.. .. -.. . . . .
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where P1 PitA Plt''*DA are the momenta of the individual nucleons,

Eq. (IV-24) can be written as

A d3p, d3p d3pi d3pj d3p
(kIV0 PIk> GO- E~ (f_2T(2W)3 00 2w)(2w)*GO(2w)'

GP**(IV-26)

d$jIt(w)Ii 1 > contains a momentum conserving delta function. Thus,

define a reduced wN T matrix as [Er-80l

<&'~iIti~w)Ik'pi> GO ,i-+Pjj Itiw) I t~i>(2 r) 3 6(ji.4) (I-7

where q GOk is the three-miomentum transferred to the pion.

Substituting Eq. (111-27) into Eq. CtV-26), the pion momentum space

representation of the optical potential isL

Ikp p pq p)

where p(p-q,p) is the single-nucleon density and is given by

A d3p, d3 P2 d 3 -d 3 ~ 3P

i- (w)(2)3  (2,,)J (2,r... -(-,) x I

OO(PP2**Pi-lpi~i090 A)CIV-28b)
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The single-nucleon density contains a momentum conserving delta function

which ensures that the nucleus has a total momentum of Ak in the irA

center-of-mass system (see Eq. (iV-3)). <k'-IIt(w)II+>possesbt

spin and isospin degrees of freedom and may be written in terms of spin

and isospin operators [La-73,Ei-801--

&-IIt(w)IIk-> -p l t~wil +

<k p-qj Itav(W)I kp>I.T +

<k p-;i tvv(w)j jk;>o.fI4

where a, di, 1, and r are defined in Chap. 1. Eq. (LV-28) may then be

rewritten as

<kIV 1I> -Alf <kp-qj It Cw)II~>P&F;-,+) ,(V3

with

0&(p-qvp) E I e-- 5( + k )Ox

p- P2 CIV-30b)

The POs are the nuclear ground state spin/isospin scalar and vector

densities. Compared to p-It(wIk> pF(p-q ,p) is a sharply peaked



79

function of the nucleon momentum p. This is a result of the nuclear size

being much larger than the range of the wN interaction. Thus, one may

use the factorization approximation and remove <_*P-Iqtj(w)Ijtp> from

the integral in Eq. (IV-30a), af ter evaluating at some average nucleon

momentum POEq. (IV-30) becomes.I

& 1 qE~- t( 0) ~>~~ (IV-31a) 21
where

pO) a E(P-4,P) *(IV-31b)

The value of poand Woshould be chosen so as to make the impulse ..--

approximation valid (see Eq. (IV-13)) and so as to optimally factorize

the pion momentum space representation of the lowest-order optical

potential. The final expression obtained for the optical potential is

simply a product of the 1!N T matrix and the nuclear form factor.

The ffN T matrix involved in Eq. (IV-31a) is not the free irN T

matrix in the wN center-of-mass system. Denoting <*I'f(Q0 )I+K> as the

free wN T matrix In the wN center-of-mass system, (+KIf(~a )I*K> is defined

only for the on-energy-shell values I+- ' and ra- )(K), where +K is

te pion-nucleon relative momentum. Hwvr (~

involves both on-energy-shell (jk'j - -k ji 0j, (wo(k0)) and off-

energy-shell ( I II*II)matrix elements. Furthermore, this T

matrix describes wN scattering in the wA center-of-mass system. One

needs to relate 4('0 -qIt(4 0 )II* 0 > to <'f(ra0)I> sic
p 0,sinc WICG) 0)IL



80

is the T matrix given by the experimentally determined IN scattering

phase shifts. The transformation is ambiguous and one method is

explained in detail in [Co-84). Briefly, one employs a frozen-target

approximation (po W - o and assumes effective on-energy-shell

kinematics. 4 po0-~jjt(w0)Ijkp0> is approximated as

-Y<K Cold I~C> , (IV-32a)

where K is an effective on-energy-shell momentum [Co-841 associated with

the wN collision energy in the IA center-of-mass system and

ER(Ic) -(K2 + m2)1/2, EN~c (K
2 + M2)1/2,ec isgvnb

- E1f(i) + EN(Ic/A) .(IV-33)

Since one is assuming effective on-ener ;y-sheil. kinematics, all kinematic

variables (+K, K, +K, *C, w , and I)are related through use of the

invariance of the four-vector product s (PO + + PNI) The

effective on-energy-shell kinematics are phenomenologically determined by

incorporating an energy shift parameter in E 7r(K) [Co-84], i.e.,

E1f(,c) -Ew(k) + A .(IV-34)

7,I
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A is a free parameter vhich adjusts the kinematics so that: the approxi-

mations (impulse, factorization, frozen-target) made in deriving the

lowest-order optical potential are most correct (Co-841. The f inal

result for the pion momentum space representation of the lowest-order

optical potential is

&- AeIf( 0 Ip~ PC (IV-35)

The connection between the optical potential and the wN phase

shifts is made in the usual way for on-energy-shell Kinematics [Ei-801--

+I

< -Cro K -wF K +K (lV-36)

where u is the reduced energy for the pion and nucleon, u~ [Ef iE(KC) +

E ()-'-',and F(~4K-+) is the scattering amplitude matrix discussed in

Chp-.Wt q - y(7) an neglecting th spn-epndnttemth

whc skona h isigroptical potential is-5. rnfomn

,P+)- .-.Ay[-a(rb)p(r+) + b(@%)V-p(+r)VI (IV-38)



82

In Eq. (IV-38), P(*r) is the ground state nuclear density normalized to

unity, -pr~~ 1. The ground state nuclear density may be expressed

in terms of the neutron and proton densities as

rPr r) r pN ) PZr M

P(*) -PN(r) + N(+ Pr( -pr ' ' -p(r) , (IV-39)
A A

where N is the number of neutrons in the nucleus and Z the number of

protons. Substituting Eq. (IV-39) into Eq. (IV-38), the Kisslinger

optical potential becomes

vopCr) = 2-wAy[-a(M )p (r) - a(! )pZ(+) +o N oZ

b(@O)V-PN(r)V + b oVPzr)V Ij0

For w + elastic scattering from a nucleus, Eq. (IV-40) is (see Eq. (1-7))

+ 21TfA K~2 O)N)-

K2M O o)PZ(*r) +

1 o

+, 3,1(ao) + 4an1' 3(r~) +2a Uo)VPrV+
1, 1 +

(a +2a' ' *' V (IV-41)

A similar expression holds for n- elastic scattering from a nucleus,

which is obtained from Eq. (IV-41) by replacing r~~ ihp~r n 'c

versa. For self-conjugate nuclei (N =Z) such as 6 Ui, the Kisslinger
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optical potentials for w+ and w- elastic scattering are identical as seen

from Eqs. (IV-39) and (IV-41).

Differential cross sections for wA elastic scattering are

obtained by numerically solving a Klein-Gordon equation containing the

Kisslinger optical potential and the Coulomb potential, Vc. The radial

piece of the Klein-Gordon equation is

(-d2+ 1(+))u ) k + U2- &Uop- 2Uc)ul(r) , (IV-42)

where Uc  Vc(r)/Ac, Uop Vop(r)/Ac, -E/c, k is the incident

momentum of the pion in the wA center-of-mass system, and E is the total

energy of the incident pion in the wA center-of-mass system. For the

elastic calculations presented in this dissertation, a modified version

[Co-80] of the computer code PIRK (Ei-74] was used to solve Eq. (IV-42)

for the phase shifts needed to compute the elastic differential cross

sections. The modifications to the code include the transformation of

the iN T matrix in the rA center-of-mass system to the wN center-of-mass

system according to Eq. (IV-32) and linking PIRK to the MINUIT optimizer

package [Ja-75a] in order to search on the energy shift parameter

incorporated in the effective on-energy-shell kinematics, Eq. (IV-34)

[Co-801. The MINUIT optimizer package also allows searching on the -1

shapes and magnitudes of the neutron and proton density distributions

which enter into the Kisslinger optical potential. However, for the 6Li

elastic calculations, the proton density distribution was taken directly

from electron scattering measurements with no variation in the shape and

SSe

S.-,°

I:
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magnitude, but corrected for the finite size of the proton charge. The

same density distribution was used for the neutrons. Lastly, the wN

partial-wave amplitudes in Eq. (IV-41) were constructed from the wN phase

shifts of Rowe, Salomon, and Landau [Ro-78].

C. Inelastic scattering

The theory for wA inelastic scattering is more complicated than

for wA elastic scattering. As for elastic scattering, one uses the non-

relativistic multiple-scattering formalism. However, wA inelastic

scattering involves a "hard" interaction which induces the nuclear

transition, an interaction not present in vA elastic scattering [Ei-80].

To derive the transition amplitude for wA inelastic scattering, the main

assumption is that the reaction mechanism consists of two parts: (1)

many scattering steps which serve only to distort the pion wave function

and in which the nucleus remains in the ground state and (2) a one-step

"hard" interaction which causes the nuclear excitation [Ei-801.

Derivation of the transition amplitude involves the same approximations

as the derivation of the lowest-order elastic optical potential in Sec.

IV-B, although the approximations may be less well founded.

Beginning with Eq. (IV-14) and using the large nucleus approxi-

mation,

A
T -T + TGOT, T- Et IV-43)

Since one is interested in inelastic scattering, matrix elements of Eq.
I -o

°I-
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(IV-43) must be taken between a nuclear excited state, 10>, and the

nuclear ground state, 10>--

(BITIO> -<OjTI0> + <BITG0 TIO> .(IV 44)

Separating out successively higher orders of diagonal matrix elements,

Eq. CIV-44) is

<OITIO> -<SITIO> + <BITIO>G0(0)<OITIO>

+ <8ITIB>G0(B)<$ITIO> +-

where

GC)-E KW + in GC)-E -Egucl .f +IVinb

Just as in the elastic scattering case, the last term of Eq. (tV-45) is

ignored since it contains more nondiagonal nuclear matrix elements than

the first three terms. Therefore,

<OITt 0> <OITIO> + <0ITIOG 0(O)<ITIO

+ ( ITIS>G (B)(BITt0> (IV-46)

Rewriting,
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<BITIO> 1 - <jBjIT>%(B)j-F<BITIO> -

I1 + G(O)<OTIO>j . (IV-47)

In order to obtain a final expression for the transition amplitude, one

needs to calculate the matrix elements of <BITIO> in the momentum space

of the pion. Letting Io > and *Oto> denote the pion initial and final0 -0,

plane wave states, (E - K) °> 0
0

<#t;OjTj oO> <#t; 1J - <SjTI>%(B)]-F <O TO> x

[1 + Go(O)<OTIO>flo> (IV-48)

0 > + Go(O)<0ITj0>I 0o> is the equation for the pion scattering state

in which the complete optical potential, <OjTIO>, is involved, I.e.,

I - > + G0(O)<OTIo>lI > , (IV-49a)

0

where

(E - K- <OTlO>)Io > 0 . (IV-49b)

0

Likewise, <#oI(1 - <01TIB>G(0 )1- 1 is the equation for the pion
00

scattering state in which the lowest-order optical potential is involved,

i.e., , +< GI

-xo <.io1 + (xi t<VjTlIB>G-o(B) ,(IV-50a)"+-

.*"--o .° .. *t*. . . + .. . .,.o*.

. . .. .. '-'-"- . . . ... ' -*-.-. .-.--.. .".. .- ". .-.. . . . .-. "" '2 ' -" - ' ." ",-. -' --'"" ,"""
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where

* (E- K,- (BTI0>)IjX;-> -0 *(LV-50b)

Using Eqs. (IV-49) and (IV-50) in Eq. (tV-48), the final result for the

transition amplitude, which describes wA inelastic scattering, ts

0 0 0

This expression is referred to as the distorted-wave impulse approxi-

mation (DWIA) description of sA inelastic scattering. In practice, *to

is replaced by Xk+ and 18> in Eq. (IV-50) by 10, so that
0

<~~ 4j0 o> <;<jj>X 0> V52

Thus, the DWIA expression for the transition amplitude involves the

initial and final pion distorted waves, in which the distorting potential

is the lowest-order elastic optical potential, <OITIO, and an inelastic

interaction, <0BIlO, which induces the nuclear transition.

Inserting

L dk~.>~ ffA5l I (1V-53)

where 1k> represents the pion state with initial momentum k in the irA

center-of-mass system, Eq. (IV-52) becomes
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<4t-OITI(O > UToo

d~k d~ E <Bt(uW)IkO>Xt (t) *(IV-54)

0 +0

center-of-mass system. The spin and isospin dependences for both the

nucleus and pion are not shown explicitly in Eq. (IV-54). Denoting

UOO - )as r &Ot(~;> S(-t is analogous to the pion

momentum space representation of V0o (see Eq. (IV-24)). Therefore, after

the same manipulations as performed for 1OP

-a(- AE~k*-oIqt (w0 )IIkp0 >P&() ,(tV-55a)

where

q(~ p- p ~ ;4; (IV-55b)
J(2w)5 1

d3 P2  d
3 PA +

The P&'s are the nuclear spin/isospin scalar and vector transition

densities and measure the ability of a nucleon in the state 1>to be

scattered into the state I -q>, while the nucleus is excited from the

ground state, 10, to the excited state, O>, during a particular

spin/isospin transition [La-73,Le-74).
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As for the elastic scattering case, the wN T matrix involved in

the inelastic interaction involves both on-energy-shell and of f-energy-

shell matrix elements and is not the free wN T matrix in the wN center-.-

of-mass system. The transformation is explained in detail in [Co-841

and, as for the elastic case, employs a frozen-target approximation and

effective on-energy-shell kinematics. Following the development of Eqs.

(IV-32) through (IV-33), the effective on-energy-shell kinematics are

phenomenologically determined by

E1,(Pc) -Ew(k) -EX/2 + A ,(IV-56)

where Ex is the excitation energy for the nuclear state 10>, and A is

taken from elastic scattering (Co-84J. Also, the collision energies for

the initial and final pion distorted waves are EX(ic) -ECk) +- a and

EX('C K wk x + ,respectively.

Following the development for the elastic scattering case but

including both the spin-dependent and spin-independent terms of Eq.

(1-7), the coordinate space representation of the DWLA expression for the

transition amplitude is

+ + X

To Jdlrx'(EX(Kc).r)U$80 (r)X (E,(),r) ,(tV-57a)

with

U60(r) Z-y[as(0 s('r) a 60pvr

II
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90

+cs% .v(). + +) +--:b880,)VP,,+0V+ bsv(Qo);.Ps (r)V +

ic Vspaxpr)V a + ic.(G )Vxp (r)V-fi. (IV-Slb)

a,..:
3

The nuclear transition densities are given by

fd3r... d3 r+o. 0Cr . r rr er ...rdO )" Ai-IA rr , "  Af*s+ rL" "A) 6(+-+1)0 t~o(+1""*A

i Z 1 <BJ6(r-r1 )Oi 1jo> * (tv-58)Ai- I

The nuclear transition densities contain the nuclear structure input to U

wA inelastic calculations, and when possible, are taken from other . -

projectile-nucleus scattering measurements such as electron scattering.

As mentioned in Chap. I, the above DWJIA formalism is the most

prevalent theoretical description of 7rA inelastic scattering, and cal-

culations using the DWIA and well-known nuclear transition densities are

adequate for describing the pion-induced excitation of nuclear states

which are strongly excited. A few examples of the success of the DWIA

were given in Chap. I. In many of the successful applications of the

DWIA to the description of 1A inelastic scattering, the nuclear structure 3

input is fixed from electron-nucleus inelastic scattering (e,e') data.

Since the essential parts of the inelastic interaction are the wN T

matrix and the nuclear transition densities (see Eq. (IV-55)), un-

certainties in the inelastic interaction are a result of uncertainties in

the iN T matrix. In other words, within the framework of the DWIA, if

the transition densities determined from fits to (e,e') data do not give

.%% .. .

S° .
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agreement between theory and data for WA inelastic scattering data, the

most reasonable part of the DWIA calculation to question is the wN .

interaction, especially if the expressions for (e,e') and wA inelastic

scattering involve the transition densities in the same manner. The

examples of Chap. I, which were selective of the spin-dependent piece of

the wN interaction, suggest the correctness of the parameterization of

the spin-dependent piece of the wN interaction [Ca-83]. Furthermore,

Morris, et al. [Mo-811 and Boyer, et al. [Bo-81] obtain good agreement

between angular distributions and DWIA calculations, which use transition

densities determined from (e,e') data, for inelastic scattering to low- I

lying collective states in 12C, 40Ca, 42Ca, 44Ca, and 4 8 Ca. The good

agreement suggests the correctness of the parameterization of the spin-

independent piece of the wN interaction. Since the DWIA calculations for

pion inelastic scattering to the 2.185- and 3.563-MeV states of 6Li

presented in Chap. V use transition densities determined from fits to .. .

(e,e') data, the following paragraphs, taken from [Pe-79,Pe-81], briefly

outline the relationship between electron-nucleus and wA inelastic

scattering differential cross sections.

In order to obtain clear and simple relations, the plane-wave

Born approximation and plane-wave impulse approximation (PWIA) are used

in deriving the differential cross sections for electron-nucleus and irA

inelastic scattering, respectively. For irA inelastic scattering, the

PWIA expression for the transition amplitude is given by Eq. (tV-57) with S

the initial and final pion distorted waves replaced by plane waves. The

expressions for the differential cross sections will be given for

transitions in which only one value of J, the total angular momentum

* '-° .-.
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transfer, is involved. (Although the ground state of 6Li has spin and 3

parity jw 1 +, there is only one dominant J transfer for the transitions

to the 3+, 2.185-KeV and 2+ , 4.25-MeV states.) For natural-parity

transitions (Aw - (-I)J, where Aw is the parity change), the differential p

cross sections for electron-nucleus and wA inelastic scattering are

d oe 2Jf+1 j
d-- IFL(q)12 " J- lPj(q ) 12  '(IV-59a)

d- J = tC(q)pJ(q) + tS (q)pjo(q)}
d a a a

L.
+ L gf(e)zt  (q)p (q)j2 (IV-59b)

In Eq. (IV-59a), IFL(q)1 2 is the longitudinal form factor and the

equation is valid only for transitions which are dominantly longitudinal.

pJ(q) is the Fourier-Bessel transform of the proton transition density.

This transition density includes the finite size of the proton charge in

the electron-nucleus result but not in the irA result. In Eq. (IV-59b),

C is a scaling factor, f(G) is an angle factor, a is an isospin index,

tc(q) and tLS(q) are the Fourier-Bessel transforms of the spin-

independent and spin-dependent pieces of the irN interaction, and ptj5

and Psj(q) are Fourier-Bessel transforms of the spin-orbit and spin
is J J

transition densities. If Pjj P s 0 and = as in N-Z nuclei, the

differential cross sections for electron-nucleus and nA inelastic

scattering involve only a single density and are directly related. This

'-.. * -.--.. . . .
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is the basis for fixing the transition densities needed in wA inelastic

scattering calculations from (e,e') measurements.

For unnatural-parity transitions (Aw - (-I)J+I), the differential

cross sections for electron-nucleus and wA inelastic scattering are P.

doe IFT(q)12 -
2Jf 1  , q p-) - 2g P'(q))I2 "(IV-60a)

do' 1 LS Q

- : -" ~ (qpc'q'12 a '"- goj~)} (Iv-6oa)
W 2.

IFT(q)12 is the transverse magnetic form factor and the transition

densities for the electron-nucleus expression include the finite size of

the proton charge. gs and g, are the spin and orbital g-factors, Pj(q)

is the Fourier-Bessel transform of the orbital current transition "

density, and pS(q) is the transverse linear combination of spin

transition densities,

p(q) =- .-.-..J /2_s,(") ' + J 1/2,J-(q) (IV-61)

2J+1 2J+1 j

Since Eq. (IV-60a) involves both the orbital current and transverse spin

transition densities, there is not a direct connection between the

electron-nucleus and A inelastic scattering differential cross sections

as for the natural-parity transitions. Use of (e,e') measurements

requires the separation of the orbital current and transverse spin

transition densities from the transverse magnetic form factor and depends

upon the ground state and excited state wave functions. However, as for L

* * . . . .. . . . . ...
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the above natural-parity case, the theoretical expression for pion-

induced unnatural-parity transitions is particularly simple, involving

only a single piece of the irN interaction and a single transition

density.

Nk2<-'~..



V. COMPARISON OF THEORY AND DATA

A. Elastic scattering

As explained in Sec. IV-B, the first-order, zero-range, impulse-

approximation elastic calculations were performed with a modified version

[Co-801 of the coordinate-space computer program PIRK (Ei-74J. The same $

density distribution was used for both the point proton and point neutron

density distributions which enter into the Kisslinger optical potential

(see Eq. (IV-41)). This density distribution was taken from elastic

electron scattering measurements [Li-71] and is a three-parameter

phenomenological distribution of the form

-r2  c2 (6b2-r2) r2  (v-)p(r) 8- 'L-TexpL(-- - - >  -pl,--. -.

with a = 0.928 fin, b = 1.26 fmo, and c = 0.48 fm [Li-71]. The elastic .

electron scattering parameters in Eq. (V-I) were corrected for the finite

size of the proton charge according to

<r2> - <r2>ch - (0.8)2 (V-2)

where <r2 > is the mean-square radius of the point proton density,
pp I

<r2>ch is the mean-square radius of the charge density as determined from

electron scattering measurements (r2>/ 2 = 2.56 ± 0.05 fm) [Li-71J, and

0.8 fm is the root-mean-square radius of the charge distribution for a

9
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single proton [El-611.

The measured differential cross sections for xr elastic

scattering from 6Li at T. - 120 and 180 MeV and the differential cross

sections for w- elastic scattering from 6L at T5 M 164 MeV taken from

Zichy's work at SIN [Zi-801, along with the elastic calculations, are

presented in Fig. V-i. Fig. V-2 shows the elastic calculations and w+

elastic scattering differential cross sections for 100 4 TW 4 260 MeW and

q = 109 MeV/c. For the elastic calculations, the partial-wave amplitudes

in the Kisslinger optical potential (see Eq. (IV-41)) were evaluated at

an energy of 30.0 MeV below the incident pion beam energy, i.e., in Eq.

(IV-34), A -30.0 MeV. This value of A was chosen from the work of

Cottingame and Holtkamp [Co-801. They found that a value of a -30 MeV

gave better agreement between pion elastic scattering data and cal-

culations for nuclei ranging from 9Be to 20 8Pb. Elastic calculations

were also performed for the Wr 120- and 180-MeV and w- 164-MeV data sets

with a one-parameter search on the shift in the collision energy. The

result of the search was A = -20 MeV. However, the elastic calculations

with A = -20 HeV differ only slightly from those with A = -30 MeV.

As seen from Figs. V-I and V-2, there is good agreement between

the elastic calculations and the measured elastic differential cross

sections. Since the lowest-order elastic optical potential is the

distorting potential used for the generation of the initial and final

pion distorted waves for inelastic calculations (see Eq. (IV-52)), the .-

good agreement indicates adequate handling of the distortions.
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Fig. V-1: Differential cross sections for wr+ and r- elastic scattering
for 6 Ui for T. . 120, 164, and 180 MeV. The calculations include a -30
MeV shift in the energy at which the optical model parameters are
calculated. The 164-MeV data are from [Zi-80).
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Fig. V-2: Differential cross sections for w elastic scattering for 6Li
at a constant q a 109 MeV/c. The calculation includes a -30 MeV shift in
the energy at which the optical model parameters are calculated.
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B. Inelastic scattering

The inelastic calculations presented in the following sections

use the DWIA expression for the transition amplitude (see Eq. (IV-57)).

The initial and final pion distorted waves are calculated from the

lowest-order elastic optical potential employed in the elastic calcu-

lations using the coordinate-space computer program UTDWPI [Bo-n.d.].

Calculation of the inelastic interaction, UBO, uses the frozen-target

approximation and effective on-energy-shell kinematics and a collision

energy obtained from the elastic calculations (see Eq. (IV-56)). For the

inelastic calculations using Cohen-Kurath intermediate coupling p-shell

wave functions [Co-651 and pure LS-coupling p-shell wave functions, a

modification of the generalized inelastic scattering potential code

ALLWRLD [Ca-841 is used to generate the nuclear transition densities from

harmonic oscillator wave functions and subsequently calculate the

inelastic interaction. The harmonic oscillator parameters and renormali-

zation constants (shape and strength parameters for the transition

densities) include the standard center-of-mass correction needed when

using shell-model wave functions. The differential cross sections are

then generated from the code UTDWPI. For all other inelastic calcu-

lations, only the code UTDWPI is used and no center-of-mass correction is

included in the harmonic oscillator parameters and renormalization

constants. However, these inelastic calculations use center-of-mass

corrected transition densities with the correction being applied in

momentum space in the usual way.
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1. 3+ , T-O, 2.185-KeV state

Electron-nucleus inelastic scattering measurements indicate that

the natural-parity transition to the 2.185-MeV level of 6Li is almost

completely longitudinal, with measurements in the region of q - 0.7 to

1.8 fm-1 yielding a transverse form factor which is less than 2% of the

longitudinal form factor [Ne-711. Since the spin-orbit and spin

transition densities are approximately zero [Ca-84a1, the wA inelastic

interaction, UB0 , involves only the spin-independent central component of

the wN interaction and the isoscalar matter transition density (see Eq.

(IV-59b) and discussion). Inelastic calculations for this natural-parity

transition were performed using two different transition densities

derived from pure LS-coupling and Cohen-Kurath intermediate coupling p-

shell wave functions. Each calculation employed equal transition

densities for the protons and neutrons. The harmonic oscillator

parameter, a (a - (Mw/1) I /2, where M is the nucleon mass and Kw is the

energy quantum of the harmonic oscillator), and renormalization constant

for the transition density derived from the pure LS-coupling p-shell wave

functions are 0.534 fm-I and 2.03. These values were taken from [Pe-82.

and were deduced in [Br-721 from a fit to the (e,e') data of

[Be-63,Ne-69]. Using these values, Petrovich, et al. obtained good

agreement between theory and experiment for the 6Li(p,p-)6Li*%'2.185 MeV)

differential cross sections at Ep 25 and 45 MeV (Pe-821. The

transition density derived from the intermediate coupling p-shell wave

functions uses a - 0.558 fm-1 and a renormalization constant of 1.93,

again determined from (e,e') data (Ca-84a].
.1I"f
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Electron scattering longitudinal form factors [Be-76,Be-79] are

shown in Fig. V-3. The solid (dashed) curves correspond to the

transition densities computed from the pure LS- (intermediate) coupling

p-shell wave functions. Both theoretical form factors are similar, with

the intermediate coupling form factor in better agreement with the (e,e')

measurements. The differential cross sections for % + inelastic

scattering to the 2.185-MeV state and DWIA calculations for T. W 120 and

180 MeV are presented in Fig. V-4. Fig. V-5 shows the data and calcu-

lations for T, a 100 to 260 MeV with the differential cross sections
S

corresponding to a constant momentum transfer q a 109 MeV/c. From the

data and calculations, the first maxima of the angular distributions for

the 2.185-MeV state are expected to be at q = 164 MeV/c. The

intermediate coupling calculation is in good agreement with both the 120-

and 180-MeV experimental angular distributions. Furthermore, this calcu-

lation reproduces well the constant-q experimental differential cross

sections, considering that the theoretical values plotted in Fig. V-5 are

taken from the steep forward slope of the various angular distributions

where errors would produce the greatest variations. The pure LS-coupling

calculation yields similar shapes for the 120- and 180-MeV angular

distributions and the constant-q differential cross sections as does the

intermediate coupling calculation but overestimates the magnitudes. Such

disagreement suggests that the renormalization constant is too large.

-7o .7
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Fig. v-4: Angular distributions for w~ inelastic scattering to the3
T-0, 2.185-MeV state of 6 Ui for Tff a 120 and 180 MeV. The calculations
used isoscalar matter transition densities derived from pure LS-coupling
(solid curve) and Cohen-Kurath intermediate coupling (dashed curve) p-
shell wave functions with a 0.534 fm'I and a renormalization constant
of 2.03 and a 0.558 fmIJ and a renormalization constant of 1.93,
respectively.
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Fig. V-5: Differential cross sections for wT inelastic scattering to the

3+ T-0, 2.185-May state of 6 U1 at a constant q - 109 MeV/c. The

calculations used isoscalar matter transition densities derived from pure
LS-coupling (solid curve) and Cohen-Kurath intermediate coupling (dashed
curve) p-shell wave functions with a - 0.534 fm1I and a renormalization
constant of 2.03 and a -0.558 fm-1 and a renormalization constant of
1.93, respectively.
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2. 2+ , T-O, 4.25-MoV state

The electron scattering form factors for both natural-parity

transitions to the 2.185- and 4.25-MeV levels have the same dependences

on the momentum transfer [Be-631. Therefore, the transition to the

4.25-MeV state is principally longitudinal, and this transition was

treated as completely analogous to the excitation of the 2.185-MeV level. S

However, even though the 4.25-MeV state is observed in (e,e') spectra, a

detailed form factor has not been measured because of this state's large

natural width, the overlapping 5.37-MeV state, and the large continuum S

background [Be-82]. As a result, a transition density cannot be deduced

from (e,e-) data as was the case for the transition to the 2.185-MeV

level. Thus, a transition density was derived from Cohen-Kurath

intermediate coupling p-shell wave functions with a = 0.52 fm- I and a

renormalization constant of 0.82 determined from fitting the (W +, )

data at T. = 120 and 180 MeV. This transition density yields a radiative

width, r(E2 ) of 3.02 eV in agreement with the experimental value of

5.4 + 2.8 eV [Ei-69]. The 4.25-MeV experimental and theoretical 120- and -

180-MeV angular distributions and the constant-q differential cross

sections are shown in Figs. V-6 and V-7, respectively. The agreement is

not as good as for the 2.185-HeV state but is very reasonable considering

the difficulties in extracting the cross sections and possible un-

certainties in the transition density.

--S
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Fig. V-6: Angular distributions for wr inelastic scattering to the 2,
T-0, 4.25-MeV state of 6 Ui for T.~ a 120 and 180 MeV. The calculation
used an isoscalar matter transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions with a 0.52 famI and a
renormalization constant of 0.82.
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isoscalar matter transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions with a 0.52 fm1I and a
renormalization constant of 0.82.
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3. 0+ , T-1, 3.563-KeY state

As is the case for the natural-parity transitions to the 2.185-

and 4.25-Key levels of 6Li, the DWIA description of the pion-induced

unnatural-parity transition to the 3.563-MeV state is straightforward,

involving only a single component of the wN interaction and a single

nuclear transition density (see Eq. (IV-60b)). The spin-dependent piece

of the wN interaction is represented by the zero-range spin-orbit

operator [Ca-833 which Carr, et al. used for their successful analysis

of the stretched 4- and 6- states in 160 and 28Si, and the transition

density is the transverse spin transition density. For the following

DWIA calculations, three different transverse spin transition densities

were used, each transition density determined from fits to various (e,e')

measurements but compared to the most recent sets of (e,e') data

[Be-75,Be-79]. The proton and neutron transition densities were taken to

be equal. The reasons for using three transition densities are: (1) The

p-shell harmonic oscillator basis is known to result in a poor descrip-

tion of the 3.563-MeV (e,e) transverse magnetic form factor over the

entire second lobe, q > 1.4 fm- 1 (Be-751. Therefore, one transition

density which reproduces both the first and second lobes of the form

factor is used. (2) Since there is no antianalog to the 3,563-MeV state

as is the situation for the 12.71-/15.11-MeV antianalog-analog pair of

12C, any anomalies in the 3.563-MeV excitation function depend upon

comparison of theory with data and not data for analogs as for the

15.11-MeV level. Thus, accurate spin transition densities are

imperative.

* .... . . .. .. \. - .. \..,.-
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The first analysis for the spin-flip transition to the 3.563-HeY

state used a transverse spin transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions. The harmonic oscillator

parameter was chosen to be a = 0.518 fm- 1 from the work of Petrovich,

et al. [Pe-82), who fitted the (e,e') data of [Ne-71,Be-75,Be-79] using

pure LS-coupling p-shell wave functions. In the fitting procedure, the

lower q data were given the most weight. The renormalization constant

was determined to be 0.97 from a fit to the most recent sets of (e,e)

data for the form factor. Petrovich, et al. conclude that both sets of

wave functions provide an adequate description of the experimental static

moments and transition probabilities of 6Li with the exception of the

quadrupole moment [Pe-82]. However, the Cohen-Kurath intermediate

coupling p-shell wave functions were chosen because they give a slightly

better fit to the most recent sets of (ee.) data [Be-75,Be-791 for the

inelastic MI form factor. Fig. V-8 shows the calculated transverse

magnetic form factor (solid curve) and the (e,e') data for the transition

to the 3.563-MeV state.

The second DWIA calculation employed a transverse spin transition

density obtained from the empirical shell-model wave functions of

Donnelly and Walecka [Do-73]. These wave functions are almost identical

to the pure LS-coupling p-shell wave functions. Using p-shell harmonic

oscillator radial wave functions for the valence nucleons, Donnelly and

Walecka determined the one body density matrix elements from normali-

zation conditions and from fits to the ground state magnetic dipole and

electric quadrupole moments and the MI form factors for electron elastic

and inelastic scattering for q < 1.01 fm-1  [Do-73]. A harmonic

............. " .. .. .. .. .. ..
-. ',-',N.
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oscillator parameter [Do-73] - 0.493 fm- 1 and a renormalization

constant of 0.96 (determined from a fit to the most recent sets of (e,e')

data) were used in this second set of calculations. The resultant

inelastic MI form factor (dashed curve) is compared to the (e,e') data in

Fig. V-8.

The third analysis used a phenomenological transverse spin
S

transiton density based on the work of Bergstrom, et al. (Be-79]. This

transition density was derived in the same manner as the transition

density of Donnelly and Walecka except that the (e,e') data of
p

[Be-75,Be-791, which extend to q - 2.96 fm- 1 , were fitted with a

polynomial form for the p-shell radial transiton density. The wave

functions for the 6Li ground state and 3.563-MeV state were taken to be

described by the SASK-A amplitudes of Bergstrom, et al. [Be-79]. The

radial transition density has a phenomenological form

R 2(r) - exp(-r 2/b2 )(a2r
2 + a4 r

4 + a6 r
6 ) , (V-3)

with b - 2.02 fin, a2 - 6.625 x 10-2 fm- 5 , a4  -5.036 x 10- 3  fm- 7 ,

a 6 = 1.967 x 10 - 4 fm- 9, yielding a reduced X2 of 1.32 from a fit to the

inelastic Ml form factor, which is presented in Fig. V-8 (chain-dot

curve).

The w+ inelastic scattering measurements and DWIA calculations at

TV 120 and 180 MeV for the spin-flip transition to the 3.563-MeV state

are shown in Fig. V-9. At 120 MeV the three transverse spin transition

densities give equivalent shapes for the angular distribution in the

range of the (if,+1+') data, 15.70 4 6c.me 4 48.90. All calculations

Ii::
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Fig. V-9: Angular distributions for w+ inelastic scattering to the 0+ ,
T-1, 3.563-MeV state of 6 Li for T, - 120 and 180 MeV. The calculations I
used a transverse spin transition density derived from Cohen-Kurath
intermediate coupling p-shell wave funcitons (solid curve) with a - 0.518
fm- I and a renormalization constant of 0.97, a transverse spin transition
density derived from the empirical shell-model wave functions of Donnelly
and Walecka (dashed curve) with a - 0.493 fm-I and a renormalization
constant of 0.96, and a phenomenological transverse spin transition P
density based on the work of Bergstrom, et al. (chain-dot curve).
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Fig. V-10: Excitation function at a constant q 109 MeV/c for nt
inelastic scattering to the 0 +, T-1, 3.563-Hey state of 6LU. The calcu-
lations used a transverse spin transition density derived fromi Cohen-
Kurath intermediate coupling p-shell wave funcitons (solid curve) with
t- 0.518 fm7I and a renormalization constant of 0.97, a transverse spin
transition density derived from the empirical shell-model wave functions
of Donnelly and Walecka (dashed curve) with a - 0.493 fm1I and a
renornalization constant of 0.96, and a phenomenological transverse spin
transition density based on the work of Bergstrom, et al. (chain-dot
curve).
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predict the correct location for the first maximum of 0 - 280.C...

However, the Cohen-Kurath intermediate coupling (solid curve), Donnelly

and Walecka (dashed curve), and phenomenological (chain-dot curve) calcu-

lations overestimate the magnitude of the first maximum by 18%, 29%, and

38%, respectively. The three transverse spin transition densities yield

similar results for the shape of the 180-MeV angular distribution through

the first minimum but differ through the second maximum and minimum.

Each calculation underestimates the magnitude of the first maximum by at

least 26%. Fig. V-10 shows the w+ 3.563-KeV excitation function data at

q 1 109 MeV/c and DWIA analyses. None of the transverse spin transition

densities predict the measured shape and magnitude of the excitation

function. The three DWIA calculations disagree with the data by at least

= 20% at both the low and high incident pion energies.

C. Discussion and results

The disagreement between theory and data for the 120- and 180-MeV

angular distributions and excitation function for the unnatural-parity

transition to the 3.563-KeV state is difficult to understand, as is the

disagreement observed for the unnatural-parity transition to the

15.11-MeV state of 12C. For comparison, the 12.71- and 15.11-MeV

excitation functions along with DWIA calculations as described in [Mo-821

are shown in Fig. V-I. As noted in Chap. I, a simple DWIA description

of wA inelastic scattering, which uses a single piece of the IN

interaction and a single nuclear transition density, has been successful

in describing unnatural-parity transitions in many nuclei. Using the
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zero-range spin-orbit operator and a transverse spin transition density

derived from Cohen-Kurath p-shell wave functions, Morris, et al. [Mo-821

adequately reproduced the measured 12.71-MeV excitation function.

Furthermore, Cottingame, et al. [Co-84] adequately describe the

12.71-HeV angular distributions for T, - 100 to 260 MeV. Even though

there is an energy-dependent enhancement near T. = 180 MeV in the

15.11-Key excitation function, the low-energy (T, W 100 and 116 MeV)

angular distributions for this state are reproduced by simple DWIA calcu-

lations (Co-84]. Using the same zero-range spin-orbit operator for the

representation of the spin-dependent piece of the wN interaction and

three different transverse spin transition densities, DWIA calculations

do not adequately reproduce either the 120-MeV and 180-MeV angular

distributions or the excitation function for the transition to the

3.563-MeV state. However, the measured angular distributions and

constant-q differential cross sections at energies from T. 1 100 to 260

MeV for the natural-parity transitions to the 2.185- and 4.25-MeV levels .

of 6Li are reproduced using only the spin-independent central piece of -

the wN interaction and transition densities derived from Cohen-Kurath

intermediate coupling p-shell wave functions. p

The configuration-space, zero-range form of the spin-dependent

component of the wN interaction of Carr, et al. [Ca-83] is most likely

not in error. Furthermore, the transverse spin transition densities used

for the transition to the 3.563-MeV level yield inelastic Ml form factors

which agree with the (e,e') data for q 4 1.4 fm_1 (see Fig. V-8), a range

of q that sufficiently covers the q 2 0.55 fm- 1 at which the excitation

function was measured. However, this does not eliminate uncertainties in

* ... .-. * * * -. *.* - -*,
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Fig. V-il: Excitation functions (averaged w+ and it cross sections to

remove isospin mixing) at a constant q = 124 KeV/c for pion inelastic
scattering to the 1, T-O, 12.71-MeV (solid circles) and 1+, T=1,

15.11-MeV (solid squares) states of 12C. The calculations used

transverse spin transition densities derived from Cohen-Kurath p-shell
wave functions [Mo-82]. The solid curve is for the 12.71-KeV state. The

dashed curve is for the 15.11-MeV state and has been multiplied by four.
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the transverse spin transition densities since the electron scattering

inelastic MI form factor depends upon both the orbital current and spin

transition densities (see Eq. (IV-60a)). Petrovich, et al. LPe-82]

noted that the monopole spin transition densities derived from both the

pure LS-coupling and the Cohen-Kurath intermediate coupling p-shell wave

functions produced Gamow-Teller matrix elements = 18% and u 8% larger

than the experimental values. Also, Petrovich, et al. [Pe-821 did not

obtain agreement between theory and their 6Li(p,p.)6Li*(3.563 MeV) data

at Ep 2 25 MeW, with the theory failing to reproduce either the shape or

magnitude of the angular distribution. This disagreement, however, was -

not attributed to uncertainties in the spin transition density, but

Petrovich, et al. suggested that other reaction processes in addition to

the direct, one-step reaction process were contributing to the

transition. Furthermore, Cammarata and Donnelly [Ca-76], in their study

of the reaction 6 Li(y,w+) 6 He near threshold, conclude that the ratio of

the orbital current and spin transition densities derived from the-5

Donnelly and Walecka wave functions is probably correct. Thus, as is the

case for the 15.11-KeV state of 12C (Mo-82], the disagreement between the

simple DWIA analyses and the 3.563-MeV angular distributions and

excitation function is difficult to explain as due to uncertainties in

the transverse spin transition density or the spin-dependent piece of the

NN interaction.

As explained above and in Chap. I, simple DWIA calculations using

a well-tested spin-dependent component of the rN interaction and

transverse spin transition densities obtained from fits to (e,e') data

fail to reproduce both the shapes and magnitudes of the 3.563- and

~ ~ ~ .7/.-. . .. . - ..
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15.11-MeV excitation functions. Furthermore, the energy-dependent

anomalous shapes of both excitation functions are similar. Fig. V-12

shows the ratio of the experimental differential cross sections to the
p

calculated differential cross sections for the excitation functions of

the two unnatural-parity transitions. (The calculation employing the

phenomenological transverse spin transition density is used for the 6 Li

ratio). As mentioned in Chap. 111, one cannot directly compare the

3.563-MeV excitation function to the 15.11-MeV excitation function, which

is clearly evident from Figs. V-10 and V-l. From Eq. (IV-57a), the DWIA

expression for wA inelastic scattering differential cross sections for |

the excitation functions for unnatural-parity transitions can be written

as the product of two energy-dependent factors, the spin-dependent piece

of the %N coupling and the distorted nuclear form factor at a fixed

momentum transfer, and sin 2 (e) [Si-81]. For the transition to the

15.11-MeV state of 12 C, the strong energy dependence of the spin-

dependent piece of the WN coupling is cancelled by the energy dependence

of the distorted nuclear form factor [Si-81]. Thus, within the framework

of the DWIA, the energy dependence of the 15.11-Hev excitation function

follows sin 2 (6). However, for the transition to the 3.563-MeV state of

6L, the distortions are not as great, and the energy dependence of the

spin-dependent piece of the wN coupling dominates. Therefore, using the

DWIA, instead of having a gradually decreasing energy dependence, the

3.563-NeV excitation function is rounded and peaked. Taking the ratio of

the experimental to theoretical excitation functions eliminates the

difference of the effects of the distortions and allows direct comparison

of the shapes of the 3.563- and 15.11-14eV excitation functions. From

. ..
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Fig. V-12, the ratios for the 3.563-HeV state of 6 Li and the 15.11-MeV

state of 12C are very similar in shape with the 3.563-MeV ratio approxi-

mately one-half the 15.11-MeV ratio at each incident pion energy. Both

ratios deviate significantly from one and possess an energy dependence

resembling the basic wN interaction.

Since the measured excitation functions for the unnatural-parity

transitions to the 3.563-Hey state of 6 Li and the 15.11-MeV state of 12 C

disagree in the same manner with the excitation functions predicted using

the DWIA, and uncertainties in the transverse spin transition densities

or the spin-dependent piece of the wN interaction are not likely

explanations for the disagreement, perhaps another process, in addition

to a one-step, impulse-approximation mechanism, contributes to both

isovector transitions. A possible mechanism is the direct excitation of .

A-h components of the excited state wave functions, as proposed in

[Mo-821, and a schematic diagram of the process is shown in Fig. V-13

(Mo-84a]. The diagram represents the process in which the incident pion

excites a nucleon to a A particle; the A particle decays into a A

particle plus a pion, leaving the nucleus in an excited A-h

configuration. Since this mechanism involves the intermediate formation

of a A particle, its contribution to the wA inelastic scattering

differential cross sections should be resonant [Mo-84a]. Furthermore,

the isospin of the A particle (T-3/2) and the isospin of the nucleon hole

(T-1/2) couple only to a total T-1 or T-2; thus, resonant A-h production

cannot contribute to excitation of the T-0, 12.71-MeV state of 12C.

. ,
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Within the A-h model interpretation, one can roughly estimate the

amount of A-h admixture in the 3.563-MeV wave function. Using the peak

of the 3.563-MeV excitation function (T, a 190 MeV), the DWIA calculation _

which used the phenomenological transverse spin transition density, and

the procedure of (Mo-82,Mo-84a] (see Appendix B), the estimated range of

B (assumed to be real), the probability amplitude for the A-h component

of the 3.563-MeV state, is 0.01 ( B 0.13. This range of values of B is

similar to that estimated for the 15.11-MeV state of 12C,

0.026 4 B 4 0.096 [Mo-84a]. However, if the direct excitation of A-h

components is applicable to both AS-AT=I transitions, comparison of the

two excitation functions and DWIA calculations (see Fig. V-12) indicates

that the resonant A-h scattering amplitude miy interfere differently with

the p-h scattering amplitude for the two transitions.

I
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VI. SUMMARY

Using the EPICS system at the Clinton P. Anderson Meson Physics

Facility, w + inelastic scattering data have been obtained for the

transitions to the 3+ , T-O, 2.185-MeV, 0+ , T-1, 3.563-MeV, and 2+, T-0,

4.25-MeV states of 6Li. Simple DWIA calculations, involving only the

spin-independent central component of the wN interaction and an isoscalar

matter transition density derived from Cohen-Kurath intermediate coupling

p-shell wave functions with the shape and strength parameters fixed from

(e,e') data (transition to the 2.185-MeV state only), reproduce well both

the 120- and 180-MeV (w+ ,W+) angular distributions and the constant-q

(q = 109 MeV/c) differential cross sections at T, = 100 to 260 MeV for

the natural-parity transitions to the 2.185- and 4.25-MeV levels. The

agreement between the DWIA predictions and the (i+,t+) data for these

two transitions is continuing confirmation of the adequacy of the DWIA

description for pion-induced transitions to nuclear states which are

strongly excited.

DWIA calculations using a well-tested spin-independent component

of the wN interaction and three different transverse spin transition

densities obtained from fits to (e,eo) data fail to reproduce the

(w+,w+ ) 120- and 180-MeV angular distributions and the (u ,W+ )

excitation function at q 109 MeV/c for the unnatural-parity transition

to the weakly excited 3.563-MeV state. The measured excitation function

exhibits an energy-dependent enhancement near incident pion energies of

TR 2190 MeV, with the difference between the data and DWIA calculations

123
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very similar to the difference observed for the excitation function of 5

the unnatural-parity transition to the 15.11-MeV state of 12C.

As for the 15.11-KeY excitation function (Mo-821, uncertainties

in the transverse spin transition density or inadequacies in the spin-

dependent piece of the wN interaction are an unlikely explanation for the

disagreement between the simple DWIA analyses and (w +,i ) data for the

transition to the 3.563-MeV level. Rather, a more likely explanation is

that an additional process other than a one-step, impulse-approximation

mechanism contributes to the AS-AT-I transition. A possible mechanism is

resonant A-h production as was proposed in [Mo-82] to explain the 4 -

anomalous excitation function for the transition to the 15.11-KeV state

of 12 C. Within the A-h model interpretation, the peak of the 3.563-Key

excitation function is reproduced with an estimated probability amplitude

for the A-h component of the 3.563-MeV state of 0.01 4 8 0.13, a range

of values of 0 consistent with the estimation of 8 needed to account for

the peak of the 15.11-MeV excitation function, 0.026 4 8 4 0.096

[Mo-84a]. However, the A-h and p-h scattering amplitudes may interfere

differently for the two transitions. Whether or not the A-h model is the

correct explanation for the anomalous 3.563-MeV excitation function, the

(i+ ,w') measurements for the transition to the 3.563-KeV state of 6Li -

provide another example of the failure of a simple DWIA description of

transitions to weakly excited nuclear levels.

I
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APPENDIX A

Data Tabulation

TABLE Ill-1: Differential cross sections for w+ elastic scattering,

T ela b  
8c.m. q do/dcacom.

(MeV) (deg) (deg) (fm-1 ) (mb/sr)

100 33.0 34.3 0.559 27.2 ± 0.1
120 15.0 15.7 0.289 80.5 ± 0.4
120 21.0 21.9 0.404 74.1 t 0.4
120 24.0 25.1 0.460 64.0 - 0.3
120 27.0 28.2 0.517 49.1 ±- 0.2
120 27.0 28.2 0.517 48.8 t 0.2
120 29.0 30.3 0.554 43.0 t 0.3
120 32.0 33.4 0.609 34.9 t 0.2
120 32.0 33.4 0.609 35.1 ± 0.2
120 42.0 43.7 0.790 15.0 t 0.1
120 47.0 48.9 0.878 8.2 t 0.1
140 26.0 27.2 0.551 64.9 t 0.3
160 24.0 25.2 0.557 80.5 ± 0.3
170 23.5 24.7 0.569 85.4 ± 0.5 .
180 20.0 21.1 0.505 103.4 ± 0.4
180 23.0 24.3 0.580 79.4 t 0.3
180 23.0 24.3 0.580 79.5 t 0.5
180 23.0 24.3 0.580 79.3 ± 0.4
180 23.0 24.3 0.580 80.9 t 0.5
180 26.0 27.4 0.654 61.3 t 0.3
180 29.0 30.6 0.727 44.7 ± 0.2
200 20.5 21.7 0.557 100.7 ± 0.7
215 19.5 20.7 0.558 107.1 ± 0.5
230 18.5 L9.7 0.557 105.7 ± 0.7

230 18.5 19.7 0.557 103.4 ± 1.5
260 17.0 18.2 0.560 109.8 ± 0.8 I
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TABLE 111-2: Differential cross sections for w+ inelastic scattering to
the 3+ , T-O, 2.185-HeY state of 6L1.

Tw 8lab a.M. q do/dc a.

(MeV) (deg) (deg) (fm 1) (mb/sr)

100 33.0 34.3 0.555 0.40 1 0.02
120 15.0 15.7 0.288 0.27 t 0.03
120 21.0 21.9 0.401 0.31 t 0.04
120 24.0 25.1 0.458 0.57 t 0.03
120 27.0 28.2 0.514 0.63 ± 0.03
120 27.0 28.2 0.514 0.59 t 0.03
120 29.0 30.3 0.551 0.74 t 0.04
120 32.0 33.4 0.606 0.80 ± 0.03
120 32.0 33.4 0.606 0.85 t 0.04
120 42.0 43.7 0.786 0.97 t 0.03
120 47.0 48.9 0.873 0.98 ± 0.03
140 26.0 27.2 0.548 1.11 ± 0.05
160 24.0 25.2 0.555 1.36 t 0.06
170 23.5 24,7 0.567 1.78 t 0.09
180 20.0 21.1 0.503 1.25 - 0.07
180 23.0 24.2 0.577 1.74 ± 0.06
180 23.0 24.2 0.577 1.62 ± 0.08
180 23.0 24.2 0.577 1.59 ± 0.06
180 23.0 24.2 0.577 1.68 t 0.09
180 26.0 27.4 0.651 1.97 ± 0.06
180 29.0 30.5 0.724 2.32 ± 0.06
200 20.5 21.7 0.555 1.96 t 0.12
215 19.5 20.7 0.557 1.88 ± 0.09
230 18.5 19.7 0.555 2.03 t 0.12
230 18.5 19.7 0.555 2.09 ± 0.25
260 17.0 18.2 0.558 2.06 ± 0.13
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TABLE 111-3: Differential cross sections for w+ inelastic scattering to
the 0+ , T-1, 3.563-HeY state of 6 Ui.

T 8 ab q d°/d1Oc,

(HeV) (deg) (deg) (fm-1) (ub/sr)

100 33.0 34.3 0.553 39.8 ± 2.2
120 15.0 15.7 0.287 33.9 ± 3.0
120 21.0 21.9 0.400 43.6 ± 4.6
120 24.0 25.1 0.456 61.5 ± 5.6
120 27.0 28.2 0.512 41.3 ± 4.7
120 27.0 28.2 0.512 48.4 ± 4.1
120 29.0 30.3 0.549 57.0 ± 4.3
120 32.0 33.4 0.604 38.0 ± 3.3 L
120 37.0 38.6 0.694 32.8 ± 3.2
120 42.0 43.8 0.783 22.3 ± 3.2
120 47.0 48.9 0.870 12.3 ± 2.3
140 26.0 27.2 0.547 60.7 ± 4.4
160 24.0 25.2 0.553 68.5 ± 5.5
170 23.5 24.7 0.565 70.2 ± 7.0
170 23.5 24.7 0.565 80.7 ± 9.4
180 20.0 21.1 0.502 117.0 ± 7.6
180 23.0 24.3 0.576 100.0 ± 7.7
180 23.0 24.3 0.576 95.0 ± 9.4
180 23.0 24.3 0.576 62.0 ± 9.1
180 26.0 27.4 0.649 55.0 ± 5.6
180 29.0 30.6 0.722 43.1 t 6.3
190 22.0 23.2 0.573 97.0 ± 12.0
190 22.0 23.2 0.573 89.5 ± 9.5
200 20.5 21.7 0.554 81.7 ± 6.4
200 20.5 21.7 0.554 97.0 ± 5.7
215 19.5 20.7 0.556 73.3 ± 5.6
230 18.5 19.7 0.554 55.9 ± 7.3
230 18.5 19.7 0.554 55.6 ± 6.0
260 17.0 18.2 0.558 33.1 - 10.5

....................
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TABLE 111-4: Differential cross sections for w+ inelastic scattering to
the 2+ , T,0, 4.25-NeV state of 6L.

Tv elab ec.S. q do/dc.S.

(MeV) (deg) (dog) (fa- 1 ) (mb/sr)

100 33.0 34.3 0.552 0.15 1 0.01 S
120 15.0 15.7 0.287 0.08 1 0.01
120 21.0 21.9 0.400 0.09 ± 0.01

120 24.0 25.1 0.456 0.14 ± 0.01
120 27.0 28.2 0.511 0.26 t 0.01
120 27.0 28.2 0.511 0.20 ± 0.01 .4
120 29.0 30.3 0.548 0.28 ± 0.01 .
120 32.0 33.4 0.603 0.27 ± 0.01
120 37.0 38.6 0.693 O.0n ± 0.01
120 42.0 43.8 0.782 0.34 ± 0.01
120 47.0 48.9 0.868 0.27 ± 0.01
140 26.0 27.2 0.546 0.32 ± 0.01
160 24.0 25.2 0.553 0.51 ± 0.01
170 23.5 24.7 0.565 0.61 ± 0.02
170 23.5 24.7 0.565 0.64 ± 0.02*.
180 20.0 21.1 0.502 0.86 ± 0.02
180 23.0 24.3 0.575 0.69 ± 0.02
180 23.0 24.3 0.575 0.80 ± 0.02
180 23.0 24.3 0.575 0.76 ± 0.02
180 26.0 27.4 0.649 0.83 ± 0.01
180 29.0 30.6 0.721 0.88 t 0.01
190 22.0 23.2 0.572 0.87 t 0.03
190 22.0 23.2 0.572 0.98 ± 0.03
200 20.5 21.7 0.554 0.61 ± 0.01
200 20.5 21.7 0.554 0.74 ± 0.01
215 19.5 20.7 0.555 0.89 ± 0.01 I
230 18.5 19.7 0.554 0.71 ± 0.02
230 18.5 19.7 0.554 0.70 ± 0.01
260 17.0 18.2 0.557 0.71 ± 0.02 ...

. ... "o
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APPENDIX B

Estimation of8

Within the A-h model interpretation, the peak of the excitation

function measured f or the AS-AT-1 transition -to the 3.563-Hey state of

6LI, is reproduced with an estimated probability amplitude of the A-h --

component of the 3.563-fdeV state of 0.01 4 0.13. 0 Is estimated In

the following manner. The inelastic scattering differential cross

section is written as [Mo-82,Mo-84a]

do(,)- IA(E,O) + OBCE,e)12 ,(B-1)

where IA(E,e)) is the p-h scattering amplitude, IB(E,B)l is the A-h

scattering amplitude, and 8 is the probability amplitude for the A-h

component of the 3.563-MeV state with respect to the ground state. The

3.563-MeV excitation function peaks at T. M 190 MeV and e lab ' 220.

Using this energy and angle and the DWIA analysis employing the

phenomenological transverse spin transition density,

IA(E,e)l 8.2 v'pb/sr .(B-2)

1B(E,e)l may be roughly estimated by examining the isospin

dependence of cross sections for CTiTzi) *(Tf,Tzf) transitions

involving only p-h configurations or A-h configurations of the final

state with respect to the initial state, and by assuming a simple A-h *

129
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model for the 3.563-MeV level. The relative isospin dependence is

determined using Lee and Lawson's (Le-80a1 extraction of the isospin

dependence of the MA scattering amplitude in the DWIA formalism, and

modifying their result to include a A in the final state. Using P3,3

dominance, which simplifies Lee and Lawson's result, the ratio of cross

sections for a (Ti-O,Tzi-O) *(Tf-1,Tzf-O) transition for the final state

being a A-h configuration to the final state being a p-h configuration is

0.625/0.25. To determine the possible A-h configurations of the

3.563-MeV state with respect to the ground state, an extremely simple

model is used. In this model, the 3.563-MeV state is a

COp 11 2 x P3/2 )J-.oT.I nucleon-hole configuration with respect to the

ground state. CThis configuration was chosen from the dominant one body

density matrix element predicted from Cohen-Kurath Intermediate coupling

p-shell wave functions.) One could expect the following A-h configura-

tions to mix with the above p-h configuration: Cp 1  p/~.O.I

(1P3/,2 x1P3,2'1)J.OT-1, and C1p5/2  ' P3/2l1)J,TmI* With Cohen-

Kurath intermediate coupling p-shell wave functions, the inelastic

scattering differential cross section is quenched by a factor of 2.25

from the differential cross section computed with the above simple p-h

p. -

configuration. Assuming that this quenching is not present for the A-h

configurations and that the three transitions involving a A, P3/2 *P 5/2,

p3,, p, 2  p1 2.contribute coherently to the differential cross .

section and are weighted as 23 1

IB(E~e)~ V"6 + 14 + Y2 Ad". 625 _______

.BE0jr O2 2.251A(E,e)7 . (B-3a)

. .. . . . . . .. . . . .
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The only other factor which needs to be considered is the ratio of

coupling constants faaW'faNw This ratio can be obtained from the quark

model and is fAAWr/f&Nw f25/18 [Mo-84a]. Thus,

IB(E,e)I - + "x x x 2.50.6625. (B3

fB(E,e)l 143 /j7s . (B-3c0

With Eqs. (B-1) through (B-3) and assuming that the two scattering

amliudsp-h and :;h, are iso assmed bnpae real.e completely otof

phs,00 .3 hre0i sue ob el
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Pion Inelastic Scattering to the Low-Lying Excited States of 
6 U
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D. P. Saundersc, P. A. Seidl, and C. F. Moore
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C. A. Lunae , and G. R. Burleson

New Mexico State University. Las Cruces, NM A8003

L
0. S. Holtkampd

University of Minnesota, Minneapolis, KN 55455

P. ABSTRACT

The excitation function for w+ inelastic scattering to
the ()+ , T-1, 3.563-MeV level of 6Li has been measured at a
constant momentum transfer q - 109 Mey/c for incident pion
energies from 100 to 260 4eV. Although the differential
cross sections extracted for the natural-parity transitions
to the 3+ , T-0, 2.185-eV and 2+ , T-0, 4.25-Kev levels are
well reproduced within the framework of the distorted-vave
impulse approximation (DWIA), DWIA calculations fail to
reproduce the anomalous excitation function observed for
the transition to the 3.563-MeV level. The shape of the
3.563-MeV excitation function is similar to that previously
observed for r inelastic scattering to the the 1+ , T,1.
15.11-MeV state of 12 C [C. L. Morris, et al., Phys. Lett.
10R, 172 (1982)1. The same mechanism may be responsible
for the observed excitation functions of both aS-AT-I
transitions. A possible mechanism is the previously
proposed direct excitation of a particle-nucleon hole (4-h)
components in the wave functions.

PACS numbers: 25.80.Dj, 25.80.Fm

(NUCLEAR REACTIONS: 6L(w+,w+'); 100 T 260 4eV; measured o(S);
DOIA analysis; deduced K, the matrix element between %-h and p-h
basis states for the 3.563-MeV state]
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. INTRODUCTION

Comparison of pton-inelastic-scattering data in the energy range of the

(3,3) resonance with calculations using the distorted-wave impulse

approximation (DWIA) and well-known transition densities, indicates that a

single-step, impulse appraximation is an adequate description for pion-induced

transitions to nuclear states which are strongly excited. For example, Lee and

Kurathl and Lee and Lawson,2 using the DWIA and transition densities derived L

from shell-model wave functions, qualitatively reproduce angular distributions

for pion inelastic scattering to excited states of various p- and sd-shell

nuclei. Morris, et al. 3 and Boyer, et al." obtain good agreement between

angular distributions and AJIA calculations, which use empirical transition

densities determined from electron-scattering data, for inelastic scattering to

low-lying collective states in 12 C, 40Ca, 4 2 Ca, 4'Ca, and 48Ca. Furthermore,

the excitation functions measured at a constant momentum transfer for the

unnatural-parity transitions to the 4-, 19.25-MeV state and 2- structure at

approximately 18.4 MeV in 12C (Ref. 5) and the 9/2+, 9.5-MeV state in 
13C (Ref.

6) decrease with increasing incident pion energy as predicted by the DWIA.;

Within the framework of the OWIA, these unnatural-parity transitions are

particularly simple, involving only the spin-dependent part of the effective

pion-nucleus inelastic interaction and the transverse spin transition density.
8

In particular, for the unnatural-parity transitions to states of stretched

configuration in 160 (4-, 17.79-, 18.98-, and 19.80-MeV levels) and 29Si (6-,

11.58- and 14.36-HeV levels), Cart, et al.9 satisfactorily reproduce the L

measured angular distributions with DWtA calculations ,ising spin transition

densities fixed from (ee °) and (p,p') data.
o- -
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For pion-induced excitation of nuclear states that are weakly excited by a

one-step, impulse-approximation mechanism, nuclear mdium effects and multistep

processes may be important and there may not be good agreement between the

pion-inelastic-scattering data and DWIA calculations, as for the above strongly

excited examples. This is indeed the case for the T-1 member of the weakly

excited 1 doublet, 12.71 NeV (T-0) and 15.11 KeV (T-I), of 
12
C.

1 0 
Cohen-Kurath

wave functions
11 

describe the 15.11- and 12.71-KeV states as near analogs, and

this description for the spin transition densities is supported by (e,e')

data.
1 2 

Calculations using a one-step, DWIA mechanism predict the ratio of

cross sections for unnatural-parity transitions to members of an analog-

antianalog pair to be four to one.
8
'
1 0 

Both the constant-momentum-transfer-

excitation function and the angular distributions for the 12.71-KeV state are

well reproduced by DWJIA calculations. However, the measured ratio of four

times the averaged w
+ 

and w differential cross sections for the 15.11-eV

state to the averaged w
+ 

and w- differential cross sections for the 12.71-eV

state deviates significantly from one, especially at energies near 180 KeY

(ratio is approximately three), and displays a rapidly varying energy

dependence. (Averaging the w and i- differential cross sections removes the

effect of isospin mixing between the two states on the ratio to better than

1%.10) Also, DWIA calculations do not agree with the 15.11-MeV angular

distributions at energies near the (3,3) resonance.
12

Uncertainties in the spin transition density or inadequacies in the spin-

dependent piece of the effective pion-nucleus interaction are an unlikely

explanation
10 

for the anomalous excitation function for the AST-1 transition

to the 15.11-KeV level of 
12
C. Rather, a more likely explanation is that an

additional process other than a one-step, impulse-approximation mechanism is %

contributing to the Isovector transition. Therefore, to investigate further

pion-induced excitation of weakly excited nuclear levels, we consider the

...........
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AS-AT-i transition from the 1+, T-0, ground state of 6 Li to the 0+' T-1,

3.563-MeY level. We have measured an excitation function for w+ inelastic

scattering to the 3.563-feV state of 6Ui at incident pion energies from 100 to

260 ?4eV and partial angular distributions at 120 and 180 MeV. We also present

in Table t the differential cross sections for elastic scattering and for

inelastic scattering to the 2.185- and 4.2541eV states. The 2.185- and

4.25-440V differential cross sections are compared to microscopic OiIA

calculations using transition densities derived from Cohen-Kurach wave

functions.1 1  The 3.563-1eV differential cross sections are compared to

microscopic DWtA calculations using spin transition densities derived from

Cohen-K(urath wave functions. 1 1 the empirical shell-model wave functions of

Donnelly and Walecka. 1 3 and the phenomenological wave functions of Sergstrom.

It. DATA ACQUISITION AND REDUCTION

The data were collected using the Energetic Pian Channel and Spectrometer

(EPICS) system1 5 at the Clinton P. Anderson Meson Physics Facility (LAflPF).

Four separate targets consisting of sheets of enriched lithium, 09% 6 Li,%

fabricated by the Oak Ridge National Laboratory were used during the

experiment. Two of the targets, with dimensions of 22.9 cm x 15.2 cm and areal

densities of 202 mg/cm2 and 100 mg/cm2. were used for approximately one-half of

the total data acquisiton and contained no discernible contamination. The

remaining two targets, with dimensions of 20 cm x I0 cm and areal densities of

205 mg/cm2 and 95 mg/cm2 , were contaminated by exposure to the air during

shipping. Hydrogen contamination was negligible in the thick 20 cm 10 cm

target (41%) but appreciable in the thin 20 cm .10 cm target (-5%). Since we

1
~ . . . . --..
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clearly observed the 6.13- and 6.92-MeV states of 160 in some W+ Q-value

spectra but never observed any inelastic peaks of 14N, we assumed the heavy

impurity to be 160. With this assumption, the total amounts of impurities for

the thick and thin 20 cm x 10 cm targets were 2.3% and 18%, respectively. A

comparison of differential cross sections for the elastic scattering from 
6
Li,

extracted from the contaminated and uncontaminated targets at the same incident

pion energy and scattering angle, indicate that the estimated amounts of

impurities are accurate within r1%. 7it was not detected in any of the

targets.

fig. I shows the Q-value spectrum for 6Li(w+,w') using the 205 mg/cm
2
, 20

cm x 10 cm target for T, - 140 MeV and -LAB " 26). This spectrum is

representative of the spectra used for determination of cross sections for

excitation of the 3.563- and 
4
.25-eV levels. Although the experimental

resolution was not the best for the 205 mg/cm
2 

target (240 keV full width at ,

half maximum (FWIM)), the 3.563-eV level is clearly resolved from the large

continuum background and the 4.25-MeV level. The discontinuity in the Q-value

spectrum between the ground state and 2.185-MeV state is an artifact of the

hardware veto of elastic counts used to limit data rates during data

acquisition by rejecting the majority of events with a 0 value below =1.2 M.eV.

The elastic and 2.185-4eV cross sections were determined without the use of

this hardware veto (see the insert in Fig. 1).

Peak areas were extracted from the O-value spectra using the computer

program LOAF.
11 

The backgrounds under the elastic and 3+ peaks were fitted with

a first-order polynomial, while the backgrounds under the 0 + and 2+ peaks were

fitted with a third-order polynomial. Line shapes for the elastic and 3+ peaks

were extracted from the spectra for each target at each incident pion energy

because the resolution varied with energy from 200 keV (220 keV) FIJH at

Tw - 100 PeV to 260 keV (260 key) FW?0 at TI - 260 XeV for the thin (thick)

I

.I . °

...................................................
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targets. The line shape of the 0* peak was taken to be the eame as the 3+,

while the line shape of the 2+ was constructed by folding the line shape used

for the 3+ with a Lorentzian of 680 keV FWU4. The peak positions were

constrained to be 0.0, 2.185,18 3.563,18 and 4.25 MeV. Both the position and

natural width of the 2
+  

level, 4.25 t 0.02 MeV and 680 t 20 keY, were

determined from fits to several spectra where this state was predominant.

Previous determinations from other experiments are 4.27 ± 0.04 HeY and

690 t 120 keY, 1 9 4.29 ± 0.02 MeV and 850 ± 50 keY, 2 0 
and 4.30 ± 0.01 HeV and

480 ± 80 keY.20 The 5.37- and 5.65-HEY states were not observed in the spectra,

and thus no attempt was made to include them in the fits.

The consistency of the fits to the various Q-value spectra was checked by

extracting areas for 100 keV wide segments of background centered about 3.563

and 4.25 HeV. Plots of the background yields for both the 3.563- and 4.25-44eV

segments resulted in smooth and continuous angular distributions at 120 and 180

HeY. Also the background yields versus incident pion energy are smooth and

continually increasing. We therefore have indication that our extraction of

the peak areas from the large continuum background is consistent at different

incident pion energies and scattering angles.

Experimental yields were measured for 
9
LAB 

) 
25

0 
by monitoring the EPrCS

channel beam flux with an ionization chamber located downstream from the

scattering target. For 9LAB < 250 the ionization chamber was not used since it

partially blocked the spectrometer entrance. For these angles, relative

normalization was accomplished through an ionization chamber located within the

pion production target cell and a charge integrating toroidal coil located

upstream of the pion production target. Monitoring of the ratio of the

ionization chamber current to the currents from these two monitors of the

proton beam showed 42% fluctuations for SLAB ) 250, establishing them as

reliable beam flux monitors. Absolute cross sections were calculated by

*~ ~ .~ ~ :, .* .o-* -
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normalizing to w+ scattering on hydrogen (CR2 targets of dimensions 22.9

cm x 15.2 cm and 20 cm x 10 cm corresponding to the two different sizes of 6L

targets) using Coulomb-corrected phase-shift predictions from the computer code

CROSS2 1 with the phase shifts of Rowe, Salomon, and Landau. 22

The data were corrected for computer live time, multiwire proportional

drift chamber efficiency, pion survival fraction through the spectrometer, and

the variation of the spectrometer's solid angle with pion momentum. The quoted

error bars are statistical only. Total systematic errors are estimated to be

=7Z due to uncertainties of ±32 in chamber efficiency, ±32 in pion survival

fraction, ±2% in the spectrometer's solid angle variation with momentum in the

spectrometer, ±3% in channel beam monitoring, and 0% in normalization to w+ .7

scattering on hydrogen. Furthermore, the data for the 3.563- and 4.25-4eV

states contain additional systematic errors of ±15% and ±10% , respectively, due

to the uncertainity in the fitting of the large continuum background and the

uncertainity in the position and width of the 2+ state. These systematic -.

errors were inferred by varying the order of the polynomial fit to the

background, and by varying the position and width of the 2+ state from 4.23 to

4.27 MeV and 660 to 700 keV.

IV. DATA ANALYSIS

A. Elastic scattering analysis .
7

The first-order, zero-range, impulse-approximation elastic calculations

were performed with a variation 2 3 of the coordinate-space computer program

PIRK, 21 which solves a Klein-Gordon equation, using only linear terms in the

NI

.,o. .
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optical-model potential. For all 6 Li elastic calculations, we used the

Kisslinger form2S of the optical-model potential given by

VW --Ak.b P(r) + Ab , (1)

where O(r) is the nucleon density normalized to unity, k5 is the lab momentum

of the incident pion, and A is the mass of the target. The complex b0 and bI

coefficients are constructed from the pion-nucleon phase shifts of Rowe,

Salomon, and Landau
22 

evaluated at an energy of 30.0 MeV below the incident

pion bean energy. This procedure has been demonstrated by CottLngame and

Rloltkamp
23 

to give better agreement to pion-elastic-scattering data for nuclei

ranging from 
9
8e to 

20
8Mb This phenomenological shift in the collision energy

is a method for adjusting the pion-nucleus kinematics so as optimally to

factorize the optical-model potential (see Ref. 12 for a discussion of the

above procedure). The proton matter density distribution was characterized by

a three-parameter phenomenological distribution taken from elastic electron

scattering
2 6 

with the finite size of the proton charge removed. This

distribution has the form

P(r) - Z/(gw3/2)[(1/a3)exp(-r2/4a2) -

(c2(6b2 -r)/4bl)exp(-rZ/4bZ)! , (2)

with a t ).928 fm, b - 1.26 fm, and c 0 ).48 fm. 2 6 This phenomenolog ieal

distribution was also used for the neutron matter densitv distribution.

The present 120- end 180-MeV w+ elastic data, the %IN 164-1eV w- elastic

data,
21 

and elastic calculations are presented in Fig. 2. Since the elastic

optical potential is used for the generation of the distorted waves for

inelastic calculations, the good agreement indicates adequate handling of the

distortions.

B. Inelastic scattering analysis

*~.* $* ~ ., ,. .* -...-.
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The inelastic calculations presented in this paper are Born approximation.

DWIA calculations in which the pion-nucleus transition amplitude is a

configuration-space, folded product of a distortion function and form factor.

The distortion function, a product of initial and final pion distorted waves,

is computed from the elastic optical-model potential employed in the elastic

calculations. Calculation of the form factor, whose specific form depends upon

the inelastic transition and is the folded product of the pion-nucleon

interaction and the nuclear transition density, uses the frozen-target approxi-

mation assuming on-shell kinematics and a collision energy obtained from the

elastic calculations. For inelastic calculations using pure LS-coupling and .

Cohen-Kurath intermediate coupling wave functions,
11 

w
e 

use a modification of

the generalized inelastic scattering potential code ALLWRLD
2
B to calculate the

form factor. The harmonic oscillator parameters and renormalization constants

include the standard center-of-mass correction needed when using shell-model P. ..-

wave functions. The distortion function and differential cross sections are

then generated from the code UTDWPI.
29 

For all other inelastic calculations we

use only the code UTDWPI and no center-of-mass correction is included in the

harmonic oscillator parameters and renormalization constants. However, these

inelastic calculations use center-of-mass corrected form factors with the .-

correction being applied in momentum space.

1. 3*
, 
T-O, 2.185-KeV state

Electron-scattering data indicate that the natural-parity transition to

the Z.L85-MeV Level of 
6
LL is almost completely longitudinal, with measurements

in the region of q - 0.7 to 1.8 fm
- 1 

yielding a transverse form factor which Is

less than 2% of the longitudinal form factor.
30 

Since the spin-orbit transition

density is approximately zero, the form factor involves only the central

I .8"
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component of the pion-nucleon interaction and the isoscalar matter transiton

density.
31 

Inelastic calculations for this natural-parity transition have been

performed using two different transition densities derived from pure LS-

coupling and Cohen-Kurath intermediate coupling p-shell wave functions. Each

calculation employed equal transition densities for the protons and neutrons.

The harmonic oscillator parameter, n, and renormalization constant for the .

transition density derived from the pure LS-coupling p-shell wave functions are

0.534 fm
"I 

end 2.03. These values were required to fit the inelastic-electron-

scattering data considered in RaE. 32 and give good agreement between theory

and experiment for the 6Li(pp')6L1*(2.185 MeV) differential cross sections at

Ep . 25 and 45 HeV.
3 2 

The transition density derived from the intermediate

coupling p-shell wave functions uses Q - 0.558 fm
-1 

and a renormalization

constant of 1.93, again determined from (e,e') data.
3 3 

Electron-scattering

longitudinal form factors from Refs. 14 and 34 are shown in Fig. 3. The solid f.

(dashed) curves correspond to the transition densities computed from the pure

LS- (intermediate) coupling p-shell wave functions. Both theoretical form

factors are similar, with the intermediate coupling form factor in better

agreement with the electron-scattering data. The ir+ 2.185-NeV data and

calculations for T,- 120 and 180 Me, are presented in Fig. 4. Fig. 5 shows

the data and calculations for T. 100 to 260 MeV with the differential cross

sections corresponding to a constant momentum transfer q = 109 4.eV/c. From the

data and calculations, the first maxima of the angular distributions for the

2.185-MeV state are expected to be at q v 164 KeV/c. The intermediate coupling

calculation is in good agreement with both the 120- and the 180-HeV

experimental angular distributions. Furthermore, this calculation reproduces

well the constant-q experimental differential cross sections, considering that

the theoretical values plotted in Fig. 5 are taken from the steep forward slope

of the various angular distributions where errors would produce the greatest

k-_
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variations. The pure LS-coupling calculation yields similar shape@ for the

120- and 180-MEV angular distributions and the constant-q differential cross p

sections as does the intermediate coupling calculation but overestimates the

magnitudes. Such disagreement suggests that the renormalizatLon constant is

too large.

2. 2
+
, T-0, 4.25-HEY state

The electron-scattering form factors for both natural-parity transitions

to the 2.185- and 4.25-HeV levels have the same dependences on the momentum

transfer. 3 5 Therefore, the transition to the 4.25-MeV state is principally

longitudinal, and we treat this transition as completely analogous to the

excitation of the 2.185-HeV level. However, even though the 4.25-HeV state is

observed in (e,e') spectra, a detailed form factor has not been measured -

because of this state's large natural width, the overlapping 5.37-eV state,

and the large continuum background.
36 

We therefore cannot deduce a transition .

density from electron-scattering data as was the case for the 2. 185-M"eV

transition. Thus, we simply used a transition density derived from Cohen-

Kurath intermediate coupling p-shell wave functions with n-0.52 fm-1 and a

renormalization constant of 0.82 determined from ftting only our (w',w+') data

at TI. 120 and 180 MoV. This transition density yields a radiative width,

r ( 8 2  of 3.02 eV in agreement with the experimental value of 5.4 ± 2.8 eV. 19  
7--1

The 4.25-HeV experimental and theoretical 120- and 10-MeV angular

distributions and the constant-q differential cross sections are shown in Figs.

6 and 7, respectively. The agreement is not as good as for the 2.185-MeV state

hut ts very reasonable considering the difficulties in extracting the cross .-

sections and possible uncertainties in the transition density.

%S •* 9
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3. 0+, T-1, 3.S63-44V state

As is the case for the natural-parity transitions to the 2.185- and

4.25-HeV levels of 
6
LL, the Born approximation !DIA description of the pion-

induced unnatural-parity transition to the 3.563-MeV state is straightforward,

involving only a single component of the pion-nucleon interaction and a single

nuclear transition density. Using a single scattering model, the spin-

dependent piece of the interaction is represented by the zero-range spin-orbit

operator,
9 

and the transition density is the transverse spin transition

density. We employed three different transverse spin transition densities

determined from fits to various (e,e') measurements but compared to the most

recent sets of (e,e') data (Refs. 14 and 37). The proton and neutron

transition densities were taken to be equal. The reasons for using three

transition densities are: (1) The p-shell harmonic oscillator basis is known -

to result in a poor description of the 3.563-MeV electron-scattering transverse

form factor over the entire second lobe, q > 1.4 Em 1 . We therefore employ one

transition density which reproduces both the first and second lobes of the form

factor. (2) Since there is no analog to the 3.563-4eV state as is the

situation for the 12.71-/15.11-MeV analog-antianalog pair of 12C, any anomalies

in the 3.563-MeV excitation function depend upon comparison of theory with data

and not data for analogs as for the 15.11-MeV level. Thus, accurate spin

transition densities are imperative.

The first analysis for the spin-flip transition to the 3.563-MeV state ,-.

used a spin transition density derived from Cohen-Kurath intermediate coupling

p-shell wave functions. The harmonic oscillator parameter was chosen to be

0.518 fm
-1 

from the work of Petrovich, et al.,32 who fitted low q electron-

scattering data using pure LS-coupling p-shell wave functions. We used a

renormalization constant of 0.97. Petrovich, et al. conclude that both sets .

_3

1., .
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of theoretical wave functions provide an adequate description of the

experimeatal static moments and transition probabilities of 6LI with the S
exception of the quadrupole moment.

32 However, we chose the intermediate

coupling p-shell wave functions because they give a slightly better fit to the

most recent sets of (e,e') data (Refs. 14 and 37) for the inelastic MI form

factor. Fig. 8 shows the calculated transverse form factor (solid curve) and

(ea') data for the transition to the 3.563-KeV state.

The second calculation employed a spin transition density obtained from

the empirical shell-model wave functions of Donnelly and Walecka.
13 

These wave

functions are almost identical to the pure LS-coupling p-shell wave functions.

Using p-shell harmonic oscillator radial wave functions for the valence

nucleon*, Donnelly and Walecka determined the one body density matrix elements

from normalization conditions and from fits to the ground state magnetic dipole

and electric quadrupole moments and the MI form factors for electron elastic

and inelastic scattering for q < 1.01 fm-.
1 3 

A harmonic oscillator parameter"
3

a- 0.93 fe " ! and a renormalization constant of 0.96 were used in our

calculations. The resultant inelastic MI form factor (dashed curve) is

compared to the (e,e') data in Fig. 8. .

The third analysis used a phenomenological spin transition density based

on the work of Bergstrom, et al.
1
4 This transition density was derived in the

same manner as the transition density of Donnelly and Walecka except that we

fitted the (*,e') data of Refs. 14 and 37, which extend to q - 2.96 fm- 1 , and

assumed a polynomial form for the p-shell radial transition density. The wave

functions for the 6
Li ground state and 3.563-HeV state were taken to be

described by the SASK-A amplitudes of Bergstrom, et al.
1
' The radial transition

density has a phenomenological form 5

R
2
(r) - e-r

2
/b

2
(a2rZ + a r4 + a r

6
) , (3)

with b - 2.02 fm, a2- 6.625 10
- 2  

f-m
S
, a,- -5.036 x 10

- 3  
fm-7,.

- . . .



145

-14-

a6. 1.967 x 10- fmi, yielding a reduced x2 of 1.32 from a fit to the

inelastic MI form factor, which is presented in Fig. 8 (chain-dot curve).

The w+ data and DNIA calculations at TX - 120 and 180 MeV for the spin-

flip transition to the 3.563-MeV state are shown in Fig. 9. At 120 MsV the

three spin transition densities give equivalent shapes for the angular "

distributions in the range of our data, 15.70 c c.m. 4 48.90. All 5

calculations predict the correct location for the first maximum of 9c... = 280.

However, the Cohen-Kurath intermediate coupling (solid curve), Donnelly and

Walecka (dashed curve), and phenomenological (chain-dot curve) calculations

overestimate the magnitude of the first maximum by 18%. 292, and 38%, P
respectively. The three spin transition densities yield similar results for

the shape of the 180-MeV angular distribution through the first mimimum but

differ through the second maximum and minimum. Each calculation underestimates

the magnitude of the first maximum by at least 26%. P..

The w+ 3.563-.eV excitation function data and PWIA analyses are presented

in Fig. 10. The momentum transfer for the excitation function was determined

to be q 1 109 MeV/c from the first maximum of the 120-MeV angular distribution.

All other data points for the vartous energies are within 4.4% of this q. None .

of the spin transition densities predict -the measured shape and magnitude of

the 3.563-MeV excitation function. The Cohen-Kurath intermediate coupling,

Donnelly and Walecka, and phenomenological calculations disagree with the data

by at least z20% at both the low and high incident pion energies.

V. DISCUSSrON AND RESULTS
I

I

• "o % "o - ° ' . o N ° °- ° •. . • • . . " .
•
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o
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The disagreement beteeen theory and data for the 120- and 180-MeV angular

distributions and excitation function for the unnatural-parity transition to

the 3.563-eV state is difficult to understand, as is the disagreement observed

for the unnatural-parity transition to the 15.l-MeV state of 12C. For

comparison, the 12.71- and 15.11-MeV excitation functions along with DIJIA

calculations as described in Ref. 10 are shown in Fig. 11. As noted in the

l
introduction, a simple OWlA description of pion-nucleus inelastic scattering,

which uses a single component of the pion-nucleon interaction and a single

transition density, has been successful in describing unnatural-parity

transitions in many nuclei. Using the zero-range spin-orbit operator and a -

spin transition density derived from Cohen-Kurath p-shell wave functions,

Morris, et al. 10 adequately reproduced the experimental 12.71-e41V excitation

function. Furthermore, Cottingame, et al. 12 adequately describe the 12.71-MeV

angular distributions for T- 100 to 260 MeV. Even though there is an energy-

dependent enhancement near T= 180 MeV in the 15.11-M1eV excitation function,1 0

the low-energy (T. - 100 and 116 'eV) angular distributions for this state are

reproduced by simple EMIA calculations. 12 Using the same zero-range spin-orbit

operator and three different spin transition densities, we cannot adequately

describe either the 120-MeV and 180-MeV angular distributions or the excitation

function of the transition to the 3.563-MeV state. However, we are able to

reproduce the angular distributions and constant-q differential cross sections

at energies from T.- 100 to 260 1eV for the natural-parity transitions to the p

2.185- and 4.25-ReV levels of 6 Li using only the central component of the pion-

nucleon interaction and transition densities derived from Cohen-Kurath p-shell

wave functions. The configuration-space, zero-range form of the spin-dependent

component of the pion-nucleon interaction of Carr, et al. 9 is most likely not p
in error. Furthermore, the transition densities we used for the transition to

the 3.563-MeV level yield inelastic M1 form factors which agree with the (e,e')

... ..... ...... -. . .... ..... . . - -.,

. ~~ ~ ~~.. .................... I.... -I--
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data for q 4 1.4 fa"I (see Fig. 8), which is a range of q that adequately

covers the q 0.55 fm71  at which the excitation function was measured.

However, this does not eliminate uncertainities- in the spin transition

densities since the electron-scattering inelastic MI, form factor depends upon

both the orbital and spin transition densities. Petrovich, et al. 32 noted that

the monopole spin transition densities derived from both the pure LS-coupling

and the Cohen-Kurath intermediate coupling p-shell wave functions produced

Gamoy-Teller matrix elements 17.9Z and 8.4% larger than the experimental

values. Also, Petrovich, et ,1.32 did not obtain agreement between theory and

their 6LI(pp-)6Li*(3.563 HeY) data at E = 25 MeV, with the theory failing to

reproduce either the shape or magnitude of the angular distribution. This

disagreement, however, was not attributed to uncertainties in the spin

transition density, but Petrovich, et al. suggested that other reaction

processes in addition to the direct, one-step reaction process were

contributing to the transition. Furthermore, Cammarata and Donnelly, 36 in

their study of the reaction 6Li(y,1i+) 6He near thr,.shold, conclude that the

ratio of the orbital and spin transition densities derived from the Donnelly

and Walecka wave functions 13 is probably correct. Thus, as is the case for the -

15.11-NoV state of 12C,10 the disagreement between our simple OWIA analyses and

the 3.563-MeV angular distributions and excitation function is difficult to

explain as due to uncertainties in the spin transition density or the spin-

dependent piece of the pion-nucleus inelastic interaction.

Since simple DWIA calculations using a well-tested spin-dependent
I,

.. component of the pion-nucleus inelastic interaction and spin transition
6

densities obtained from fits to (e,e') data fail to reproduce both the shapes

and magnitudes of the 3.563- and 15.11-NeV excitation functions, we suggest

that the same mechanism my be responsible for che observed energy-dependent

anomalous shapes in both 6 L and 12C. A possible mechanism is the direct

%

. #.....

* .. '.........
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excitation of A-h components of the excited state wave functions, as proposed

in Ref. 10. Within this A-h model interpretation, ws can estimate the amount

of A-h admixture in the 3.563-MeV wave function. Using the peak of the

3.563-HEV excitation function (T. - 190 MeV), the DWIA calculation which used

the phenomenological spin transition density, and the procedure of Refs. 10 and

39, we estimate a mixing matrix element of 3 f K f 37 MetV. This range of .

values of K is similar to that estimated for the 15.11-4eV state of 
1 2 C

(7.4 4 K 4 27.3 KeV).
39 

However, if the direct excitation of A-h components is

applicable to both transitions, comparison of the two excitation functions and

DWIA calculations (see Figs. 10 and 11) indicates that the resonant A-h

scattering amplitude may interfere differently with the p-h scattering

amplitude for the two transitions.

VI. CONCLUSIONS

Describing pion-nucleus inelastic scattering with the Born approximation

and DWIA, we obtain predictions which agree with the n+-inelastic-scattering

measurements for the 3+ , 2.185-MeV and 2 , 4.25-MeY states of 
6
Li. Our

predictions fail to reproduce both the 120- and 180-MeV angular distributions

and the excitation function for the unnatural-parity transition to the

3.563-HeV state. The measured excitation function exhibits an anomalous

energy-dependent shape similar to that observed for the i , 15.L1-eV state of

12
C. Similar mechanisms may be responsible for the anomalous excitation

functions for these isovector transitions. If this mechanism is the direct

excitation of A-h components in the final state wave functions, the peak of the

3.563-eV excitation function is reproduced with an estimated mixing matrix

element of 3 4 c 4 37 MeV, a range of values consistent with the estimated

* . . .** ..... *.
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mixing mtrix elesient of 7.4 ic e. 27.3 14eV39 for the 15.11-KeY excitation

functioni.
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TABLE 1: Differential cross sections for w+ elastic scattering and inelastic
scattering to the 3+, 2.185-4eV, 0+ , 3.563--MeV, and 2 , 4.25--1eV levels of 6 Li.

Elastic 3+ , 2.185 1eV 0+ , 3.563 MeV 2+ , 4.25 MeV

T, 8 c.M" qa do/dlc.m" do/dac.m" do/dOc.m" d/dUc.M.

(MeV) (deg) (f.-1 ) (mb/sr) (mb/ar) (ub/ar) (mb/ar)

100 34.3 0.55 27.2 ± 0.1 0.397 1 0.017 39.8 t 2.2 0.147 t 0.005
120 15.7 0.29 80.5 ± 0.4 0.271 t 0.033 33.9 t 3.0 0.079 t 0.005
120 21.9 0.40 74.1 ± 0.4 0.307 t 0.042 43.6 t 4.6 0.091 t 0.008
120 25.1 0.46 64.0 ± 0.3 0.569 ± 0.032 61.5 t 5.6 0.137 t 0.009
120 28.2 0.51 49.1 t 0.2 0.632 t 0.033 41.3 t 4.7 0.259 t 0.014
120 28.2 0.51 48.8 t 0.2 0.587 t 0.030 48.4 ± 4.1 0.203 ± 0.008
120 30.3 0.55 43.0 ± 0.3 0.737 t 0.040 57.0 ± 4.3 0.276 ± 0.009
120 33.4 0.61 34.9 ± 0.2 0.799 ± 0.030 ..
120 33.4 0.61 35.1 ± 0.2 0.853 ± 0.037 38.0 ± 3.3 0.274 t 0.007
120 38.6 0.69 32.8 ± 3.2 0.395 ± 0.007
120 43.7 0.79 15.0 ± 0.029 22.3 ± 3.2 0.335 t 0.007

120 48.9 0.87 8.2 1 0.1 0.975 t 0.028 12.3 ± 2.3 0.274 ± 0.005
140 27.2 0.55 64.9 t 0.3 1.11 ± n.05 60.7 ± 4.4 0.315 ± 0.009
160 25.2 0.55 80.5 ± 0.3 1.36 ± 0.06 68.5 ± 5.5 0.505 ± 0.011
170 24.7 0.57 ...... 70.2 t 7.0 0.607 ± 0.011
170 24.7 0.57 85.4 ±0.5 1.78 ± 0.09 80.7 t 9.4 0.637 ± 0.021
180 21.1 0.50 103.4 ± 0.4 1.25 ± 0.07 117.0 ± 7.6 0.855 t 0.018
180 24.3 0.58 79.4 ± 0.3 1.74 t 0.06 100.0 ± 7.7 0.690 ± 0.015
180 24.3 0.58 79.5 t 0.5 1.62 ± 0.08 95.0 t 9.4 0.801 ± 0.021
180 24.3 0.58 79.3 ± 0.4 1.59 ± 0.06 ......
180 24.3 0.58 80.9 ± 0.5 1.68 t 0.09 62.0 t 9.1 0.763 ± 0.019
180 27.4 0.65 61.3 ± 0.3 1.97 ± 0.06 55.0 t 5.6 0.829 ± 0.012
180 30.6 0.72 44.7 ± 0.2 2.32 ± 0.06 43.1 t 6.3 0.883 ± 0.014
190 23.2 0.57 ... ... 97.0 ± 12.0 0.870 ± 0.030
190 23.2 0.57 ... ... 89.5 ± 9.5 0.981 ± 0.030
200 21.7 0.56 ... ... 81.7 ± 6.4 0.607 ± 0.013
200 21.7 0.56 100.7 ± 0.7 1.96 t 0.12 97.0 t 5.7 0.737 t 0.012
215 20.7 0.56 107.0 ± 0.5 1.88 ± 0.09 73.3 t 5.6 0.892 ± 0.012
230 19.7 0.55 105.7 1 0.7 2.03 ± 0.12 55.9 t 7.3 0.707 t 0.015
230 19.7 0.55 103.4 ± 1.5 2.09 t 0.25 55.6 ! 6.0 0.703 t 0.013

260 18.2 0.56 109.8 ± 0.8 2.06 t 0.13 33.1 - 10.5 0.713 ± 0.021

aTh q values were calculated for an excitation energy of 2.185 MeV.
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FIGUR. CAPTIONS

Fig. I. A typical w
+ energy-loss spectrum taken at T, - 140 KeV and eLAB = 260

for which the hardware veto of elastic events was used. The insert is

the *+ energy-loss spectrum without the use of the hardware veto.

Fig. 2. Differential cross sections for %+ and w- elastic scattering for 6Li

for Tw - 120, 164, and 180 HeV. The calculations include a -30 1eY.

shift in the energy at which the optical model parameters are

calculated. The 164-MeV data are from Ref. 27.

Fig. 3. FZ(q) for the 3+ , T-O, 2.185-eV state of 6Li. The calculations used .

microscopic transition densities derived from pure LS-coupling (solid

curve) and Cohen-Kurath intermediate coupling (dashed curve) p-shell

wave functions with a - 0.534 fm-t and a renormalization constant of

2.03 and a - 0.558 fm- 1 and a renormalization constant of 1.93,

respectively. The data are from Ref,. 14 (solid circles) and 34 (open

circles).

Fig. 4. Angular distributions for w+ inelastic scattering to the 3+, T-0.

2.185-HeV state of 6L for T, . 120 and 180 MeV. The calculations

used microscopic transition densities derived from pure LS-coupling

(solid curve) and Cohen-Kurath intermediate coupling (dashed curve) p-

shell wave functions with a - 0.534 fm-1  and a renormalization

constant of 2.03 and a - 0.558 fm-1 and a renormalization constant of

1.93, respectively.

Fig. 5. Differential cross sections for ~Tinelastic scattering to the 3+.

T-0, 2.185-MeV state of rLi at a constant q - 109 MeV/c. The

calculations used microscopic transition densities derived from pure

LS-coupling (solid curve) and Cohen-Kurath intermediate coupling

(dashed curve) p-shell wave functions with a * 0.534 fm-1  and a
-I -'.

t-



155

-24- -,, ,

renormalization constant of 2.03 and a - 0.558 fm"I  and a

renornaliaation constant of 1.93, respectively. . .

Fig. 6. Angular distributions for w inelastic scattering to the 2+, T-,

4.25-MaY state of 6LI for T, - 120 and L80 MAV. The calculation used

a microscopic transition density derived from Cohen-Kurath .
-S

intermediate coupling p-shell wave functions with a - 0.52 fm-1 and a

renorualization constant of 0.82.

Fig. 7. Differential cross sections for w inelastic scattering to the 2+ ,

T-0, 4.25-MeV state of 6Li at q - 109 HeV/c. The calculation used a

microscopic transition density derived from Cohen-Kurath intermediate

coupling p-shell wave functions with a - 0.52 fm"1  and a

renormaltzation constant of 0.82.

Fig. 8. F2(q) for the 0+ , T-1, 3.563-HEY state of 6L. The calculations used p

a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions (solid curve) with

a - 0.518 fmui and a renormalization constant of 0.97, a microscopic

transition density derived from the empivical shell-model wave

functions of Donnelly and Walecka (dashed curve) with a - 0.493 fm"1

and a renormalizatLon constant of 0.96, and a phenomenological

transition density bAsed on the work of Bergstrom, et al. (chain-dot

curve). The data are from Refs. 14 (solid circles) and 37 (open

circles).

Fig. 9. Angular distributions for Y+ inelastic scattering to the 0+ , T-1,

3.563-HeV state of 6Li for T. - 120 and 180 Hev. The calculations

used a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions (solid curve) with

a - 0.518 fm- L and a renormalization constant of 0.97, a microscopic

transition density derived from the empirical shell-model wave

I

I

.................... . . -....



156

-25-

functions of Donnelly and Walecka (dashed curve) with a -0.493 fa-1

and a renotualization constant of 0.96. and a phenomenological

transition density based on the work of Bergstrom, at al. (chain-dot

curve).

Fig. 10. Excitation function at a constant q 109 £(eV/c for w+ inelastic

scattering to the 0+, T-L, 3.563-11eV state of 6 Li. The calculations

used a microscopic transition density derived from Cohen-Iturath

intermediate coupling p-shell wave functions (solid curve) with

a - 0.518 fm-l and a renorualization constant of 0.97, a microscopic

transition density derived from the empirical shell-nodel wave

functions of Donnelly and Walecka (dashed curve) with a 0.493 fi-L

and a renorualization constant of 0.96, and a phenomenological

transition density based on the work of Bergstrom, at al. (chain-dot

curve).

Fig. 11. Excitation functions (averaged wr+ and w- cross sections to remove

isospin mixing) at a constant q =124 MeV/c for pion inelastic

scattering to the 1', T1-0, 12.71-May (circles) and 1+, T1-1, 15.11-1eV

(squares) states of 12C. The calculations used microscopic transition

densities derived from Cohen-Kurath p-shell wave functions. The solid -

curve Is for the 12.71-11eV state. The dashed curve is for the 15.11-

11eV state and has been multiplied by four (see Ref. 10). 1.

V
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